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ABSTRACT

Ceria-zirconia-yttria (CZY) mixed oxides are used as catalyst supports for threeway catalysts for automotive exhaust emission control and in solid oxide fuel cells. By
improving the morphology of CZY mesopores it is possible to reduce the sintering of
supported noble metals and enhance overall catalyst lifetime and performance. However,
limited studies have been published on the synthetic control of the morphology of CZY
materials and the effects that CZY pore geometry has on catalyst operation.
To create optimized CZY catalyst supports, novel mesoporous CZY oxides were
synthesized via classical sol-gel and evaporation induced self-assembly (EISA) methods,
obtaining mesostructures that exhibited excellent physical and diffusional properties. This
dissertation provides a detailed analysis of the factors and mechanisms that promote the
creation of ordered mesoporous CZY structures via classical sol-gel and EISA
approaches.
Classical sol-gel methods are reaction-limited syntheses in which, for the case of
CZY materials, the formation of polyoxides occurs rapidly as a result of the availability
of water and hydrolyzing agents in the initial solution, yielding disordered oxide
mesostructures. Alternatively, EISA is a diffusion-limited process, where the rate of
oxide forming reactions is limited by the slow diffusion of water into the initial ethanolicmetal salts solution. The slow loss of ethanol by evaporation enables the condensationpolymerization of metal oxy-hydroxide species to coincide with the ordering of these
oligomers around the self-organized polymer template. Thus, for the templated synthesis
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of mesoporous CZY materials, it is the rate of metal oxide condensation that determines
the nature of the resulting oxide structure.
The choice of templating technique used during CZY synthesis heavily influenced
post-calcination morphologies and pore sizes, but to-date no relationships between pore
morphology and catalyst performance for CZY materials was presented. For this reason,
the diffusion of n-hexane in mesoporous CZY supports synthesized using a variety of
templates and synthesis techniques was studied by the Zero Length Column (ZLC)
method obtaining each material diffusion coefficients.
Data from the ZLC method proved to be valuable in developing an understanding
of the effects of pore morphology on intraparticle diffusion phenomena. The CZY oxides
diffusivity values provide means of comparison of diffusional aspects that can
significantly impact catalyst performance during the treatment of exhaust gases formed
by combustion engines. A higher diffusivity value is expected to bring catalytic
advantages for the oxide support.
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CHAPTER ONE
INTRODUCTION
During the last forty years, increasing environmental regulations for gas pollutants
from automobiles have created the necessity for practical and cost-effective ways to treat
exhaust gases. Catalytic converters have been developed for this purpose, but their
relatively high cost and negative impact on engine power have meant that ever since the
development of the first generation of catalytic converters there has been an ongoing
research effort to improve converter efficiency and lower costs.
The heart of a modern catalytic converter is a ceramic honeycomb or metallic foil
structure that contains the catalytically active noble metals that actually perform the
chemistry needed to convert pollutants in the engine exhaust into less harmful gases.
These catalysts, which often contain expensive precious metals such as Pt, Pd, and Rh,
are often referred to as three-way catalysts because they convert three unique classes of
pollutants into less harmful species. Specifically, three-way catalysts are designed to
oxidize unburnt hydrocarbons (HCs) and carbon monoxide (CO), yielding carbon dioxide
(CO2) and water (H2O), while simultaneously reducing nitrogen oxides (NOx) into
nitrogen (N2) and oxygen (O2). It has been well established that for all conversions to
occur, the engine’s operation should be performed at the exhaust gases stoichiometric
point, where oxygen is neither insufficient nor in excess so oxidation and reduction
processes can occur by alternating between oxygen lean and rich conditions. However,
the inevitable time-lag in the system to adjust the air/fuel ratio (A/F) can decrease the
conversion rate of the exhaust gases. This problem has been solved by the use of catalyst
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supports with oxygen storage capacities (OSC), which are able to accept oxygen under
fuel lean conditions (combustion with an excess of air) and donate oxygen under fuel rich
conditions (combustion with a fuel to air ratio greater than the stoichiometric ratio
(~14.6:1) needed for combustion).
Ceria is the usual catalyst support material used for oxygen storage and release
purposes as it has a high OSC compared to other transition metal oxides and the
activation barrier for the removal of oxygen from the ceria lattice is relatively low.
However, a pure ceria support is unsatisfactory as it exhibits thermal and mechanical
fragileness. To overcome the poor physical properties of ceria, catalyst researchers have
created mixed oxide supports that combine this OSC material with other metal oxides
that display enhanced mechanical properties over a broad temperature range.
Zirconia and yttria oxides were found to be the best options to provide these enhanced
mechanical properties. Due to these characteristics, ceria-zirconia-yttria mixed oxides
have been proven to be optimal catalyst supports for three way catalysts, and a solid
solution or wash coat of these materials on rigid ceramic or metal monoliths now
constitutes the catalyst support used for most vehicle exhaust treatment applications.
The purpose of this work is to develop improved mesoporous ceria-zirconia-yttria
(CZY) catalyst supports to further enhance the efficiency and longevity of automotive
catalytic converters. Besides their oxygen storage capacity and thermal and mechanical
stability, these mixed oxide materials can be designed to maintain the dispersion and
enhance the activity of three-way catalysts used in automobile emissions control,
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minimizing the quantities of noble metals needed to achieve the required level of
performance and thereby reducing costs for the automobile industry.
In addition to catalytic converters, mesoporous ceria, zirconia and yttria oxides are
used in solid oxide fuel cell, catalysis, electronic and sensor applications. The
improvement of these materials has faced many challenges but continues to be of great
importance as they remain in high demand for numerous costly applications.
Since the successful synthesis of silica based mesoporous materials by researchers at
Mobil in 1991, mesoporous materials have been extensively studied, and significant
effort has been put toward the development of novel templating strategies and advanced
synthesis techniques. The synthesis procedures developed for silica based materials were
later extended to non-silica based materials with great difficulty, as their fabrication
proved to be more challenging than expected. Ceria, zirconia and yttria oxides have not
been an exception, as numerous articles have chronicled difficulties encountered with the
synthesis of single component and mixed mesoporous oxides of these metals.

Of

particular difficulty, has been the synthesis of ordered CZY mesostructures, which have
been hypothesized to be advantageous for reducing noble metal sintering and enhancing
reactant and product diffusion rates through the material.
The synthesis of high surface area mesoporous CZY oxides has been previously
investigated by this research group using organic surfactants, activated carbon, resins and
polymers as templates. Numerous chemical and structural characterization methods were
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used to critically evaluate the effectiveness of these various templating strategies for
synthesizing ordered CZY mesostructures.
The emphasis of this unique work is on advanced synthesis strategies that yield
improvements to the morphology and physical properties of CZY mixed oxides as well as
the use of advanced characterization techniques that are capable of evaluating the
diffusional enhancements gained by the formation of ordered mesoporous structures.
Specifically, this work examines mesoporous CZY materials prepared via classical
synthesis techniques as well as a novel synthesis approach capable of producing the
elusive, ordered mesostructures that so many research groups have tried to synthesize.
CZY materials were characterized by a variety of techniques that include BrunauerEmmer-Teller (BET) surface area, Barret-Joyner-Halenda (BJH) average pore size,
scanning transmission electron microscopy (STEM), small and wide angle X-ray
diffraction, inductively coupled plasma atomic emission spectroscopy (ICP-AES), as well
as other physical characterization techniques. Finally, transient diffusional studies using
hexane as the probe molecule were used to quantify the diffusion properties of several
CZY mesostructures having a range of pore types, with some exhibiting an ordered pore
morphology.
The first chapters of this thesis deal with the synthesis and characterization of
mesoporous CZY oxides, starting with the classical sol-gel synthesis approach for
materials with high surface area, large pore volume, uniform pore size distribution,
uniform oxide incorporation, among other improved characteristics. Later efforts focus
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on the development of ordered and reproducible mesostructures that are prepared by the
evaporation induced self-assembly (EISA) method using block copolymers as structure
directing agents (templates).
The final chapters of this work are focused on the diffusional properties of CZY
materials synthesized by sol-gel and EISA techniques, where the materials were prepared
using either endo-templates (block copolymers, surfactants, and dendrimers) or exotemplates (resins and activated carbon). The diffusion of gases inside pores of different
geometries and sizes leads to an understanding of the advantages of some catalyst
supports over others.
These experiments focused on the measurement of diffusion in CZY oxides to find if
a specific pore morphology and/or size is optimal for the conversion of gaseous exhaust
pollutants. This work evaluates not only the physical characteristics of the synthesized
CZY materials, but also the real diffusion behavior of gases inside the pores of these
supports. This type of synthesis and characterization information will help guide the
design of future mesoporous CZY catalyst supports for exhaust gas treatment as well as
other sensor and reaction applications.
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CHAPTER TWO
BACKGROUND INFORMATION AND FUNDAMENTALS
The objective of this dissertation is to synthesize and characterize improved ceriazirconia-yttria catalyst supports for three-way catalysts, which are commonly used in
catalytic converters. To further enhance the reader’s ability to understand the material
presented in the following chapters, I have provided a brief overview of the important
concepts that will be used throughout this dissertation.
Mesoporous materials
Mesoporous materials are any material containing pores between 2 and 50 nm in
diameter. Often they possess many highly useful features, namely, high surface area,
uniform pore size distribution, large pore volume and enhanced thermal stability. These
properties makes them ideal for a considerable number of applications in catalysis,1-4
adsorption,5, 6 biomolecular separation,7, 8 and drug delivery9, 10. The successful synthesis
of the mesoporous silica-based highly ordered MCM-41 materials11 in the early 1990s
started intensive research in this area with an initial focus on siliceous materials. The
synthesis techniques created for silica-based materials were later extended to non-silica
based materials in an effort to expand both their molecular diversity and the range of
possible applications.
Mesoporous transition metal oxides have been investigated increasingly as their
varied chemistry and redox properties make them useful for many innovative purposes.
Within metal oxides, ceria, zirconia and yttria have been of particular interest as a result
of a number of catalytic and electronic applications12,26,28-29, among which, their use as
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catalyst supports in catalytic converters is arguably their largest use.
Properties and Applications of Ceria, Zirconia and Yttria Oxides
Ceria
Cerium oxide (CeO2), also known as ceria, is a pale yellow powder with a melting
point of 2400 °C. Pure stoichiometric CeO2 exhibits a calcium fluoride (fluorite) type of
structure with space group Fm3m over the whole temperature range from room
temperature to its melting point. Further, it can tolerate a considerable level of reduction
without undergoing any phase change.12
Thousands of articles in the last twenty years have been dedicated to ceria and ceriabased materials, in part due to its oxygen storage capacity, which is based on its unique
ability to undergo reversible redox transitions from cerium (III) to cerium (IV) and vice
versa. Practical applications of this material include high temperature ceramics, catalysis,
and solid oxide fuel cells.13 Despite the significant amount of work on ceria and ceriabased materials, its particular capability to store and release oxygen will likely ensure to
keep research in the area proliferating.
Zirconia
Zircon has been known as a gem from ancient times. The name of the metal,
zirconium, comes from the Arabic Zargon (golden in colour), which in turn comes from
the two Persian words Zar (Gold) and Gun (Colour). Zirconia, the metal dioxide (ZrO2),
was identified as such in 1789 by the German chemist Martin Heinrich Klaproth. It is the
reaction product obtained after heating some gems, and was used for a long time blended
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with rare earth oxides as pigment for ceramics.14 Zirconia is a white crystalline oxide
whose most naturally occurring form is the mineral baddeleyite, which has a monoclinic
crystalline structure. It is usually produced by calcining zirconium compounds exploiting
its thermal stability. It is relatively unreactive chemically and one of the most studied
ceramic materials.15
Zirconia is a well-known polymorph that occurs in three forms: monoclinic (M),
cubic (C) and tetragonal (T). Pure zirconia is monoclinic at room temperature. This phase
is stable up to 1170 °C. Above this temperature, it transforms into a tetragonal and then
into a cubic phase at 2370 °C.15
High temperature ionic conductivity makes zirconia ceramics suitable as solid
electrolytes in fuel cells and oxygen sensors. Good chemical and dimensional stability,
mechanical strength and toughness, coupled with a Young’s modulus comparable to
stainless steel alloys was the origin of interest in using zirconia as a ceramic
biomaterial.14
Zirconia has been widely studied for numerous applications including: medicine,
catalysis, fuel cell electrolytes, electro-optical materials, damage-resistant optical
coatings and gate dielectrics.16-25
Low-quality zirconia is used as an abrasive in huge quantities, whereas tough, wear
resistant, refractory zirconia ceramics are used to manufacture parts operating in
aggressive environments, like extrusion dies, valves and port liners for combustion
engines, low-corrosion thermal-shock resistant refractory liners, or valve parts in

8

foundries. For example, zirconia blades are used to cut Kevlar, magnetic tapes and
cigarette filters because of their reduced wear.
Yttria
Yttrium oxide (Y2O3), also known as yttria, is a white solid oxide used in material
science and inorganic chemistry. It has a cubic crystalline structure and a melting point of
2425 °C.
Yttria, together with alumina (Al2O3), are the two most important sesquioxides within
the general class of refractory ceramics.26 Yttria has been widely used in catalysis, solidstate laser applications, sintering aids in the processing of ceramic materials, substrates
for semi-conducting films, optical windows, components for rare-earth doped lasers, and
high temperature ceramics. Yttria is well known for enhancing the mechanical stability of
high temperature ceramics.27 A small addition of Y2O3 influences both the properties and
the microstructures of Al2O3, the so-called yttrium effect; and it has a beneficial effect of
increasing the adhesion oxide scales in all Al-containing metals. Many of the unique
properties of yttria and yttria-related materials depend critically on the defect structures
and their concentrations, and on the formation of intermediate phases.26
Ceria-Zirconia-Yttria (CZY) mixed oxides
Combinations of CZY oxides have found extensive use.

For instance, yttria-

stabilized zirconia (YSZ) has been widely used for thermal barrier, jewelry, and solid
oxide fuel cell applications.
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Zirconia is routinely blended with other oxides like yttria, ceria and magnesium oxide
to stabilize its cubic and/or tetragonal phases so that cracks due to phase transitions and
stress induced by cooling from high temperatures can be reduced or eliminated. This
(yttria) stabilized form of zirconia not only resists phase changes but has also been shown
to have enhanced thermal, mechanical and electrical properties.15
Ceria-zirconia-yttria (CZY) mixed oxides are most often used for applications
including solid oxide fuel cells28-31 and as catalyst supports for three-way catalysts
(TWC) that are used for automotive exhaust emission control.32-34 This last application
has been the motivation and is the focus of this dissertation and will be discussed in
greater detail in the next section of this chapter.
Catalytic Converters
Catalytic converters are emissions control devices that convert toxic fuel combustion
byproducts in the vehicle’s exhaust to less harmful species. If not converted to less
harmful species, these pollutants would significantly contribute to the production of acid
rain and smog.
Catalytic converters were introduced around 1975 to comply with increasing
environmental regulations on air quality and emissions. The Clean Air Act in the United
States (passed in 1970) was the first law that sought to control vehicle emissions, setting
the requirements at 0.41 g/mile for hydrocarbons (non-methane organic gases or
NMOG), 13.4 g/mile for carbon monoxide and 0.4 g/mile for nitrogen oxides (current
standards are 0.075 g NMOG/mile, 3.4 g CO/mile and 0.2 g NOx/mile).35, 36 Since then,
catalytic converters have evolved considerably to increase effectiveness, to fulfill the
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worldwide need to reduce pollution created by the exhaust systems of internal
combustion engines, and to reduce the economic burden created by them.
Main pollutants from the vehicle’s engine are nitrogen oxides (NOx), carbon
monoxide (CO) and unburnt hydrocarbons (HC, also known as non-methane organic
gases or NMOG) produced by incomplete combustion of the air/fuel (A/F) mixture in the
engine. These have a huge impact on air quality; for example, studies in the U.S have
shown that approximately 10 percent of vehicles are responsible for 50 percent of the CO
emissions. 35
The three main reactions taking place in a catalytic converter are:
i.

2CO + O2 → 2CO2

ii.

2CxHy + (2x+y/2)O2 → 2xCO2 + yH2O

iii.

2NOx → N2 + xO2

This device simultaneously converts the HCs, CO and NOx present in automotive
exhaust to H2O, CO2 and N2. The first two listed reactions are oxidation processes (i)
and are favored by an excess of oxygen in the exhaust (lean fuel conditions), while the
last reaction is a reduction process (iii) that operates more effectively under rich fuel (fuel
rich conditions). Because of the competing requirements of these three reactions, the air
to fuel ratio (A/F, mass basis) has to be carefully controlled to operate close to the
stoichiometric point (A/F of 14.7, as set by the US-EPA for gasoline burning engines). At
this point, oxygen is neither insufficient nor in excess, and the conversion rate of
pollutants to more inert products is optimized.
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Components
The catalytic converter for a vehicle exhaust system is comprised of three main parts:
a ceramic or metallic support, a single or double washcoat and the catalytic layer
containing the noble metal catalyst.
All modern catalytic converter supports are ceramic or metallic honeycomb
structures, similar to that shown in Figure 2.1. This linear channel design maximizes the
surface area containing catalysts per volume of support and reduces the overall pressure
drop across the converter. The ceramic component is formed of extruded cordierite
(2MgO-2Al2O3-5SiO2), which is optimal for catalytic converter applications because its
relatively low thermal expansion imparts greater thermal shock resistance.37 Cordierite is
catalytically inert and also refractory, which allows it to operate at high temperatures.

Figure 2.1. Ceramic honeycomb catalytic converter structure.
The second main component is the washcoat. It usually consists of stabilized gamma
alumina or a mixture of silica and alumina, and it is about 5-15% of the converter weight
with a surface are of 100-200 m2/g. The washcoat helps enhance reactions (often
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containing Lewis and Brönsted acid sites), improves durability and is designed for
minimal diffusion resistance so gases readily reach the catalytically active sites.35 The
washcoat layer forms a rough, irregular surface, which effectively increases the surface
area of the low surface area cordierite support providing more sites for active precious
metals.
The third and most important part of the catalytic converter is the top coat of precious
metals. This catalytic layer often contains noble metals and a catalyst support that helps
enhance the activity of the former and prevents noble metal sintering. This mixture of
precious metals and catalytically active supports is incorporated into the washcoat that is
later deposited on the monolithic substrate.
The most common noble metals used in the automotive industry are platinum (Pt),
palladium (Pd), rhodium (Rh) and ruthenium (Ru). They are impregnated into the highly
porous alumina washcoat and usually become effective at temperatures above 140 °C. A
catalytic converter usually contains about 2-3 grams of noble metals. They comprise
between 0.1 to 0.15 wt% of the catalytic converter.35
Most catalytic converters use platinum, palladium and rhodium to catalyze both
oxidation and reduction reaction processes inside the catalytic converter. Platinum and
palladium promote the oxidation reactions, whereas rhodium promotes the reduction of
NOx. These catalysts are commonly known as “three-way catalysts” or TWC because
they simultaneously work on the three main reactions (i, ii, iii) that clean gaseous
pollutants in the catalytic converter.
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Oxygen sensors are used in the exhaust gas stream to monitor the air to fuel ratio.
These devices send signals to the fuel injection system and air manifold in the engine to
control the A/F within a narrow band close to stoichiometry.38 The system alternates
between slightly fuel rich and fuel lean conditions to perform both reduction and
oxidation processes, respectively.
During fuel lean conditions, there is sufficient oxygen to combust all CO and HCs in
the cylinder of the engine, which optimizes fuel efficiency. However, under these
conditions greater amounts of NOx species are produced, but the excess oxygen in the
exhaust stream makes it more difficult to reduce these species. In contrast, during fuel
rich conditions the reduced levels of oxygen in the engine causes incomplete combustion
and the production of more CO and HCs. This is the reason optimal balance is reached
near the stoichiometric point.
However, there is an inevitable time lag in the system as it adjusts the A/F ratio,
which can decrease the conversion rate of unwanted pollutants in the exhaust. This rate
also declines during acceleration/deceleration when the A/F ratio varies greatly. In order
to maintain conversion efficiencies in the catalytic converter and avoid unacceptable
levels of contaminants, it was necessary to engineer a way to reversibly store and release
oxygen when exhaust oxygen levels were not optimal for the conversion of pollutants.
Specifically, over the range of exhaust temperatures, the converter catalyst should release
oxygen during fuel rich conditions and store oxygen during fuel lean conditions.
Materials with high oxygen-storage capacity (e.g., ceria) were incorporated as catalyst
supports for this purpose.
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Catalysts supports usually consist of ceria-zirconia or CZY mixed oxides. Besides
their high oxygen storage capacity (OSC), they also provide thermal stability, higher
surface area and help maintain noble metal dispersion. The following section provides a
more detailed discussion of these phenomena and their importance.
Finally, the coated ceramic monoliths are surrounded by an expanding mat that
insulates and protects the monoliths. The entire structure is encased by a stainless steel
housing that provides corrosion and oxidation resistance. This encased structure is the
one that can be seen when looking under a vehicle. Figure 2.2 shows each component of
the catalytic converter as a visual aid for this section.

Figure 2.2. Typical catalytic converter used in gasoline engines. Copyright © 2013
Hearst Communications, Inc.

Ceria, Zirconia and Yttria in Emissions Control
Catalytic supports are vital to the correct functioning, efficiency, and longevity of
three-way catalysts. Modern catalytic converters generally use transition metal oxide
combinations, namely, ceria-zirconia or ceria-zirconia-yttria as catalysts supports.
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Ceria is a vital component in TWC for mobile emissions control. It helps stabilize the
alumina washcoat, prevents the diffusion of noble metals into the washcoat and inhibits
noble metal deactivation by preventing them from being held in high oxidation states.13.
It also promotes noble metal dispersion and provides thermal stability to catalyst
supports.40 However, its most important property for this application is its capacity to
store and release oxygen by switching between stable Ce3+ and Ce4+ states.
Ceria’s oxygen storage capacity (OSC) has proven to be crucial in controlling the
ratio of oxidants and reductants in the exhaust allowing the simultaneous oxidation of CO
and hydrocarbons and the reduction of nitrous oxides.41 However, the exhaust conditions
decrease the OSC of ceria. For example, the effectiveness of ceria as a catalyst is reduced
at elevated temperatures due to sintering and loss of surface area.13 The loss of OSC has
been hypothesized to be due to a decrease in the interfacial contact between ceria and the
precious metals since it is accompanied by an increase in ceria crystallite size.
The broad use of ceria in automotive pollution control catalysts quickly lead to it
becoming the largest application of rare earth oxides.42 Its inclusion in automotive threeway catalysts has transitioned away from alumina-supported ceria to high surface area,
thermally stable, preformed ceria rich powders.

43

Modern ceria powders are usually a

mix of oxide components, especially transition metal oxide mixture containing zirconia,
which helps prevent the aforementioned sintering and degradation problems.
The use of ceria catalyst supports with enhanced thermal stability was driven by the
so-called close coupled catalyst (CCC) for cold start engine emissions. These catalysts
experience temperatures up to 1373 K, which required an extremely high thermal
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resistance.42 This is crucial in determining ceria promoting effects because as soon as
sintering of ceria occurs, due to thermal degradation, both oxygen storage capacity (OSC)
and metal-support interactions appear inhibited.
Zirconia helps stabilize OSC properties of ceria preventing degradation with time in
the automotive exhaust high-temperature environment. Jen et al.44 showed that pure ceria
has poor surface area stability compared to solid solutions of ceria and zirconia (CZ), and
that it retains little useful OSC after being aged at temperature above 1050 °C.
Additionally, zirconia promotes the formation of more structurally active ceria sites
and imparts added thermal stability to supported ceria catalysts. 45 The enhanced stability
of the CZ samples appear to result primarily from structural modification of the ceria in
contact with the zirconia. Putna et al.41 demonstrated that ceria films on zirconia are more
reducible and have a higher activity towards promotion of the ceria-mediated oxidation of
CO on supported metals than do ceria films on alumina. Their studies demonstrated that,
following high-temperature calcination, CZ model catalysts show higher activities toward
promotion of the ceria-mediated mechanism than ceria only samples.
As a result of the aforementioned facts, ceria-zirconia mixed oxides have been used
openly for TWC applications. Yet, solid solutions with zirconia higher than 20% resulted
in homogeneity problems. The addition of yttrium as a third cation showed improved
homogeneous solid solutions over the whole range from ceria 100% to 0% mol. The CZY
mixed oxides synthesized were evaluated for OSC before and after thermal aging and
showed great improvement compared to other ceria based oxides. Combinations like

17

Ce0.60Zr0.30Y0.10 oxide and Ce0.40Zr0.45Y0.15 showed almost no decrease in OSC at 500 °C
after thermal aging at temperatures of 800, 900 or 1000 °C.46
Studies of palladium supported on CZY oxides47 provided further evidence of
performance improvement by the use of CZY supports under fuel fluctuating conditions.
Furthermore, some research groups, including ours, believe that ordered mesoporous
CZY structures provide additional advantages for TWC applications than CZY
mesostructures with no long-range organization or limited mesoporosity. Ordered
mesoporous supports overcome the size and morphological constraints of microporous or
disordered mesoporous materials, facilitating the mass transport of bulky, partiallycombusted hydrocarbon molecules. Their intrinsic high surface area allows a high
concentration of active sites per mass of material. Additionally, these active sites are
highly dispersed and spatially uniform.
Compared to other support materials, ordered mesopores have the advantage of
reduce sintering of catalysts by stabilizing larger metal particles, because they cannot
grow to sizes larger than the pore size unless they move to the external surface of the
particle.48 Further, the synthesis of ordered CZY structures will not only enhance
catalytic performance by increasing the oxygen storage properties of the support it will
also improve the dispersion of noble metals (reducing metal sintering) and thereby
improving catalyst longevity.
The advanced synthesis and characterization of improved CZY mesostructures is the
ultimate goal of this work. These enhancements will bring advantages to the morphology
and physical properties of CZY mixed oxides. Additionally, characterization techniques
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that are capable of evaluating the diffusional improvements gained by the formation of
ordered mesoporous structures will be developed.
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LITERATURE REVIEW
As established previously, the focus of this work is to develop advanced synthesis
strategies that result in improvements to the physical properties and morphology of ceriazirconia-yttria catalysts supports for three-way catalysts in catalytic converters. Different
characterization techniques to evaluate physical properties are used including diffusional
properties evaluation techniques to assess the enhancements gained by the formation of
ordered mesostructures.
Therefore, before proceeding to discuss the work depicted in this dissertation it is
important to review previously published studies in the field. I am going to start by
discussing synthesis strategies for silica-based mesoporous materials and continue with
non-silica based mesoporous materials. The second part of this review will focus on
diffusion studies for porous materials from traditional techniques to the Zero-Length
Column (ZLC) chromatographic technique. This latter technique will be discussed in
detail as it was widely used to characterize the diffusional properties of the materials
prepared during this study.

Synthesis of mesoporous materials
In general, most mesoporous oxides synthesis strategies involve the use of a structure
directing agent (SDA) or template and reactive oxide precursors to create an oxide
network with a homogeneous mesostructure. The template (often an organic moiety) can
be removed from the oxide pores post synthesis via extraction or more often by
calcination (heating in air or inert atmosphere at temperatures above 300 °C). Templating
pathways provide a high degree of control over structural and textural properties.
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Copious literature explains a diverse array of synthesis strategies for mesoporous
materials. The most cost effective approaches to create ppores
ores of certain sizes involves the
use of different SDAs that can be classified as exo and endo
endo-templates
templates49. Endotemplating refers to the process in which templates are occluded in the growing solid and
leave a pore system after their removal.49 Examples are surfactants, block copolymers
55
and dendrimers.29, 30, 50-53, 53-55
Exo-templating
templating refers to synthesizing a connected material

within the pores and along the exterior of a rigid porous solid tha
thatt acts as a scaffold (or
negative mold) for the newly assembled material. After removal of the scaffold, a high
surface area porous solid remains.49 Examples of hard or exo-templates
templates are activated
carbons56, 57 and polymeric resins58. Exotemplates are usually cheaper and a simpler way
to create highly porous silica and non
non-silica based oxides, but the resulting structures tend
to have very limited long range order. Both endotemplating and exotemplating
approaches are depicted in Figure 2.3.

Figure 2.3.. Schematic drawing of the endotemplating and exotemplating approach to
synthesize porous and high--surface-area
area materials. For endotemplating, the templating
templ
species are occluded in the forming solid, for exotemplating, a rigid porous solid is
infiltrated with the precursor for another solid. Endotemplates as well as exotemplates are
removed from the composite to yield the porous or high
high-surface-area material.
rial. Reprinted
49
with permission from ref . Copyright © 1999–2013
2013 John Wiley & Sons, Inc.
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For flexible or endo-templates that often self-organize in solution, sol-gel,
evaporation-induced self-assembly (EISA), and templating methods have been found to
work effectively. The sol-gel procedure is the most common. It consists of a series of
steps during which an oxide structure is formed from an initial solution (or gel)
containing template and metal oxide precursors dissolved in polar solvents like water or
alcohols. At moderate temperatures (25 – 200 °C), water and to a greater extent dissolved
Brönsted bases catalyze the hydrolysis and condensation of the oxide precursors to form
three dimension oxide networks that phase separate from the solution when they reach an
appropriate size. These reactions routinely require three days for complete precipitation
of the oxide product. The solid oxide is then removed via filtration or centrifugation
from the solution, dried, and later calcined to remove any residual organic template
trapped within the oxide pore structure. The result is a porous oxide framework with
high surface area and other advantageous properties.
For rigid template materials, such as activated carbon and amine based resins, a
simple adsorption and calcination process is all that is required. The metal precursors are
dissolved in solution using a polar solvent (a slurry is also acceptable for some oxide
precurors). The solution is mixed with the dried exo-template, where it readily adsorbs
into the template pores. The final oxide-template slurry is dried and calcined, yielding a
mesoporous structure that is the reverse mold of the original template.
Since a variety of templates and techniques can be used to prepare mesoporous
materials, the resulting oxide frameworks exhibit a range of pore sizes, arrangements and
geometries.
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Synthesis of silica-based mesoporous materials
The breakthrough findings of Mobil researchers in the 1990s led to the discovery and
development of a family of materials known as M41S. M41S materials are mesoporous
silicates with regularly spaced nanometer-sized pores synthesized by using liquid crystals
to cast the silica shapes.59 The original MCM-41 synthesis was carried out in water under
alkaline conditions with a liquid-crystalline self-assembled surfactant molecule as
template.60 For this case, the formation of the organic-inorganic composites is based on
electrostatic interactions between the positively-charged surfactants and the negatively
charged silicate species.61
This synthesis pathway opened a wide variety of synthesis approaches for the
development of new mesoporous materials. Many of the techniques developed for these
materials are sol-gel approaches. The sol-gel process is a wet-chemical technique widely
used in the fields of material science and ceramic engineering primarily for
the fabrication of materials (typically metal oxides) starting from a colloidal solution (sol)
that acts as the precursor for an integrated network (or gel) of either discrete particles or
network polymers.
Silica-based porous materials have been investigated extensively and remain the most
studied family of mesoporous structures. Initially, most efforts were focused on silicabased materials because many research groups active in this field had their origins in
zeolite chemistry and thus, were very familiar with the chemistry of silicon and
aluminum.62 Furthermore, other compositions, which are typically less stable, are more
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difficult to synthesize as compared to silica and aluminosilicates. However, a much
wider range of applications can be found for non-siliceous mesoporous materials.

Synthesis of non-siliceous mesoporous materials
The synthesis techniques developed for mesoporous siliceous materials were later
extended to non-siliceous materials, adjusting as necessary for differences in the
chemistry of the new compounds. However, the synthesis of non-siliceous mesoporous
materials presented a number of difficulties vastly different than the phenomena seen
with silica-based materials.62 For instance, siliceous materials have amorphous walls that
provide stability to the mesostructures. In contrast, most non-silica based porous
materials have crystalline walls that make their structures more prone to collapse at high
temperatures. This can be explained by the curvature necessary to form the mesopores in
the mesostructure being more compatible with amorphous wall structures. Similarly,
condensed frameworks formed with non-siliceous materials are not as strongly bonded as
the frameworks for siliceous materials, collapsing easily as the template is removed.
For the case of transition metal oxide mesostructures (especially CZY materials),
their redox properties often make them unstable.

For example, the reduction and

reoxidation processes that take place during calcination can cause the collapse of the
oxide pore structure. Additionally, faster hydrolysis and condensation reaction rates for
most transition metal precursors do not provide sufficient time for oxide intermediates
and template to polymerize and assemble in an ordered mesostructure, which leads to a
loss of morphological control and the formation of condensed oxide structures.
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Therefore, it is crucial to surpass these limitations in order to create mesoporous nonsiliceous materials with structural integrity.

Synthesis of ceria, zirconia and yttria mesoporous materials
Since CZY mesostructures are the focus of this thesis, this section will review
previous work and concepts of special importance for the creation of ceria, zirconia and
yttria mesoporous materials. Additional attention is given to creating ordered mesoporous
structures for these components. A more detailed tabulated review of different synthesis
techniques and conditions for the synthesis of ceria, zirconia and yttria mesostructures is
shown in Appendix A.

Traditional sol-gel and exotemplating approaches
Numerous complications, similar to the aforementioned, have been reported for the
synthesis of stable mesoporous ceria, zirconia and yttria.13, 63-71 Classical sol-gel synthesis
approaches have been largely ineffective at producing ordered mesoporous structures
containing these metals. For the case of pure ceria, Lyons et al.13 reported the synthesis
of ordered ceria using cerium acetate as the inorganic framework precursor. However,
TEM images of the resulting material showed the presence of both ordered and
disordered mesostructures within the same sample.
For the case of mesoporous zirconia structures, Chen et al.34,

72

and Yuan et al.73

reported the synthesis of mesoporous zirconia by a classical sol-gel route using zirconium
propoxide.

Despite the resulting materials displaying a relatively homogeneous

mesostructure, analysis via TEM showed no evidence of an ordered arrangement of
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pores. Similarly, Blin et al.69 and Rezaei et al.68

reported the sol-gel synthesis of

mesoporous zirconia using zirconyl chloride and zirconyl nitrate, respectively, but both
materials failed to exhibit the presence of an ordered array of mesopores.
Highly ordered porous zirconium oxide-sulfate and zirconium oxo-phosphate
materials were prepared by Ciesla et al.74, yet they were unsuccessful at preparing
ordered mesoporous pure zirconia. In this study, the presence of sulfate and phosphate
groups helped to inhibit zirconia crystallization, thus, enabling sufficient time for the
amorphous zirconia oligomers to assemble into ordered hexagonal arrangements. When
the crystallization inhibitors were removed (pure zirconia case), the zirconia precursors
rapidly condensed into disordered oxide structures.
Challenges increase when the objective is to create ordered mesoporous mixed oxides
of ceria, zirconia and yttria like ceria-zirconia (CZ) or yttria stabilized zirconia (YSZ).30,
40, 64, 75-83

For instance, Feng et al.82 reported the synthesis of mesoporous ceria-zirconia-

yttria and zirconia-yttria using metal nitrates as oxide precursors, instead of costly
alkoxides, and cetyltrimethylammonium bromide (CTAB) as the structure directing
agent, but the resulting oxides showed no long range order. In a similar effort, Terribile et
al.83 used both cerium and zirconyl chlorides as precursors and CTAB as the template,
but they were also unsuccessful in creating ordered CZ mesostructures.
In a more successful study, Zhao et al.84 prepared three-dimensionally ordered
macroporous (3-DOM) yttria-stabilized zirconia (YSZ) via an aqueous organic gel
method, using the interstitial spaces between polystyrene spheres assembled on glass
substrates as the structure directing agent. However, this study was never expanded to
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include the synthesis of ordered mesoporous materials. Mesoporous ceria-zirconia was
also obtained by Desphande and Niederberger85 using nitrate precursor salts and a
nanocasting approach with polymeric beads as the structure directing agent, but again, no
ordered oxide structure was formed.
Even though numerous articles reported a variety of synthesis approaches for silica
and non-silica based mesoporous materials including the individual ceria, zirconia and
yttria oxides, limited publications have reported methodologies for preparing mesoporous
CZY materials using all three oxide materials. Prior work at Clemson University86
showed the synthesis of CZY mixed oxides with good physical properties (e.g., high
surface area, homogeneous oxide incorporation, crystalline uniformity, and thermal
stability) by sol-gel and exotemplating approaches. For these studies, metal nitrate
precursors and a variety of templates (e.g., CTAB, amine functionalized dendrimers,
porous activated carbons, etc.) were used, but the resulting CZY materials did not exhibit
any long range order.

Evaporation-induced self-assembly
Traditional sol-gel methods have been unsuccessful in creating either single or mixed
ceria, zirconia and yttria oxides with an ordered mesostructure. More recently, studies
abandoning classical sol-gel methods have successfully shown that ordered mesoporous
zirconia and related materials can be prepared using the evaporation induced selfassembly (EISA) process.87, 88
Self-assembly refers to the spontaneous organization of materials through noncovalent interactions with no external intermediation.88 With the EISA process, the self-
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assembly of oxide precursors is driven by the evaporation of solvent molecules from a
metal precursor containing organic solvent solution and the absorption of a hydrolyzing
agent (water) from the vapor phase. As the hydrolyzing agent (water) slowly enters the
organic metal-rich phase, metal oxide oligomers form, diffuse, and assemble around
template materials included in the starting organic phase mixture. Following a further
loss of organic solvent and the addition of sufficient water, a final inorganic oxide phase
is formed around the template, often yielding a thin film exhibiting a long-range
mesoporous architecture.
Successful attempts to prepare ordered mesoporous transition metal oxides have also
been reported for the EISA technique. For instance, Hung et al.79, 80 reported the synthesis
of ordered yttria-zirconia mesoporous structures using chloride precursors for zirconia
and yttria along with evaporation induced self-assembly (EISA) synthesis at 40° C for 3
days controlling the relative humidity at 40%. Similarly, Yuan et al.75,

76

reported the

successful synthesis of ordered zirconia based functional materials by EISA.
EISA methods were also combined with a novel type of amphiphilic block copolymer
template by Brezesinski et al.64 to yield mesostructured thin films of ceria, zirconia and
ceria-zirconia mixed oxides having highly crystalline pore walls and ordered arrays of
mesopores. Despite these developments, EISA has to-date not been used to synthesize a
highly-ordered porous oxide containing a homogeneous mixture of ceria, zirconia, and
yttria oxides.
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Since it has been hypothesized that an ordered mesoporous CZY arrangement has
advantages when it comes to catalytic performance, EISA was used in this thesis as a way
to synthesize these ordered materials with interesting results as shown in Chapter 4.
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Diffusion studies for porous materials
The measurement of diffusion parameters in porous solids is very important in
catalysis. Specifically, its importance becomes more relevant when studying mass
transfer restrictions in heterogeneous catalysts that usually employ materials with specific
porosity. In general, catalyst and catalyst supports are considered to have certain
simplified geometries which are in some cases very far from reality, therefore an
empirical approach is necessary to understand gas behavior inside these materials and
explain how overall particle morphology effects catalytic material.
For the specific case of diffusion studies for CZY mesoporous catalyst support
materials with different pore geometries and arrangements, this experimental work can
help explain which CZY oxide synthesis technique is better for a specified catalytic
converter application. For example, supports with higher diffusion capabilities are
hypothesized to be advantageous as they allow faster and easier contact between reactants
and the catalyst.

Basics of gas diffusion in porous materials (from Bruce89)
The application of porous solids as adsorbents, catalysts and membranes has sparked
an increase in research efforts focused on understanding the diffusion of molecules
through these materials. This is of primary importance in analyzing the factors limiting
their performance.
One of the most basic and important concepts is Fick’s law. Fick recognized
similarities between Fourier’s Law of thermal conduction and diffusion phenomena. He
defined the diffusion coefficient and showed that mass flux in a stagnant system equaled
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the product of this coefficient and the concentration gradient for the species undergoing
diffusion. The molar form of Fick’s Law is:
J ∗i = −D ij C T

dx i
dC i
= −D ij
dz
dz

(2-i)

Equation 2-i states that the molar flux of species i in the z-direction relative to the molar
average system velocity ( J∗i ) equals the negative of the diffusion coefficient (D ij) times
the product of the total concentration of the system and the mole fraction (xi) gradient for
species i in the z-direction.

Diffusion in small pores was studied by Martin Knudsen.90 Using concepts from the
kinetic theory of gases, he showed that gases flowing in small diameter tubes have
diffusion coefficients that are independent of pressure and vary linearly with the tube
diameter and average molecular velocity of the diffusing gas:
D K ,A =

d pore
3

(u )
∗
A

(2-ii)

where D K,A is the gas diffusivity in the tube (m2/s), dpore is the average tube/pore diameter
∗
(m), and u A is the average molecular (or molar) velocity for component A (m/s).

For porous materials, there are three basic modes of gas diffusion as consequent of
their Knudsen number ( N Kn =

λ
d pore

, where λ is the mean free path length for the gas and

dpore is the pore diameter): Fickian diffusion, Knudsen diffusion and combined Fickian-

Knudsen diffusion.
Fickian diffusion refers to the diffusion behavior observed when the normal mean
free path length of the gas (λ) is smaller than the diameter of the pore so gas-gas
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collisions are more probable. On the other hand, Knudsen diffusion refers to diffusion
behavior observed when a gas molecule diffuses through a pore or tube whose diameter is
smaller than λ for the gas. In this case, the probability of gas-wall collisions is of similar
magnitude or greater than the probability of gas-gas collisions. These frequent collisions
with the tube wall tend to decrease the rate of molecular transport through the tube or
pore. These behaviors are depicted in Figure 2.4.

Figure 2.4. Modes of gas diffusion: (a) Fickian, NKn < 1; (b) combined Fickian and
Knudsen, NKn ≈ 1; and (c) Knudsen, NKn >> 1
In general, Knudsen diffusion is only important in materials having pore diameters
from 1 – 50 nm (as is the case with mesoporous materials) and a Knudsen number (NKn)
that is much greater than one. Additionally, from the kinetic theory of gases, the mean
free path of a gas molecule can be calculated using the equation:

λA =

κB T
1

(2-iii)

2 πσ P
2

2
A

where κB is Boltzmann’s constant, T is temperature (K), P is pressure (atm), and σA is the
molecular diameter of gas molecule A.
For the case of mesoporous materials, equimolar counter diffusion (flux of A = flux
of B in the opposite direction, NA = -NB) is occurring in each pore during the transition
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from one gas to another in the feed stream. The pore diffusion for gases in these
materials is best described by Knudsen diffusion:
12

D K,A

d pore  8RT 
=


3  πM A 

12

 T 
= 48.50 ⋅ d pore 

MA 

(2-iv)

where D K,A is the gas diffusivity in the pore (m2/s), dpore is the average pore diameter (m),

T is absolute temperature (K), and M A is the molecular weight of gas A (g/mol).

A

B
PORE

A
A

B
B

Figure 2.5. Equimolar counter-diffusion of gases A and B in a cylindrical pore.
These basic concepts are of great importance in the evaluation of diffusion in porous
solids and will be used throughout this dissertation.

Techniques to study gas diffusion in porous media
The diffusion measuring techniques for porous solids may be classified as
equilibrium techniques and non-equilibrium techniques91 with respect to the
thermodynamic regime and as microscopic and macroscopic with respect to the relevant
diffusion paths.
Macroscopic diffusion techniques refer to measurements where the diffusion paths
traversed by the molecules of interest during the experiment are typically much larger
than the individual crystallites. Macroscopic measurements are further sub-divided in to
steady-state and unsteady-state experiments. Steady-state macroscopic techniques
directly study the diffusion rates of molecules through a sample. In contrast, unsteady-
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state experiments measure concentration as a function of time at a given point. Some
advantages of macroscopic techniques include less expensive techniques, lower cost
measuring devices and less cumbersome procedures.
On the other hand, microscopic techniques refer to measuring techniques capable of
monitoring molecular displacements or the evolution of molecular concentration profiles
over physical dimensions smaller than the crystallite diameters. An example is pulsed
field gradient nuclear magnetic resonance (PFG-NMR), which have often yielded
diffusion rates vastly different than those values previously measured using macroscopic
methods.91 These inconsistencies question the reliability of macroscopic methods since
they reflected kinetic limitations due to heat transfer, external film resistances, bed effects
and surface barriers.92 However, numerous researchers have concluded that macroscopic
measurements can be reliable if all considerations of the earlier difficulties are ensured.
Table 2.1 shows an extended summary of the most common diffusion measuring
techniques for porous solids showing advantages and disadvantages for each technique.91101
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Table1.1. Comparison Chart of Diffusion Techniques for Porous Solids

Table 2.1. Comparison Chart of Diffusion Techniques for Porous Solids
TECHNIQUE

ADVANTAGES

Classical steady
Relatively easy to use
state techniques

Classical
Do not need to wait any time before
unsteady state doing measurements
techniques Relatively easy to set up

Time Lag
Method

Simple experiment
Mathematical treatment of data is
straightforward
Transport parameters can be directly
obtained from experimental data
Great flexibility, favorable for a wide
range of applications
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DISADVANTAGES
Necessity to monitor composition of
the two outlet streams (analytical
instruments are required)
Necessity of equal pressure in both
compartments of diffusion cell
Ignores dead end pores because it
measures diffusion through the pellet
Cannot be readily adapted to
temperatures much exceeding ambient
Difficulties for certain types of
materials, for which it is difficult to
prepare a sample of suitable thickness.
Diffusion coefficients are not always
accurate due to kinetic limitations.
Interchange time is usually too short
to obtain accurate results
Diffusion coefficients are not always
accurate due to kinetic limitations.
Not easily applied to some systems
(especially low molecular weight
gases).
This method is unable to distinguish
between different types of molecules.
Some techniques like the TAP
method require high vacuum or a very
careful pressure control (piezometric
method)
Diffusion coefficients are not always
accurate due to kinetic limitations.
Requires careful construction of the
membrane in order for it to yield
consistent data
Strict vacuum is required for the
experiment.

Table 2.1 cont.
All the necessary diffusion and
adsorption data are obtained in the
Complicated test method
frequency-response experiments
Involved procedures to interpret
It is not necessary to assume adsorption- the data
desorption equilibrium
Possible to use in experimental
conditions such as high temperatures
Can be used without any perturbation of
the system.
Versatile tool for the characterization of
porous materials properties
True surface analysis method
IGC measurements have been
Provide great variety of information
performed as pulse measurements
Methods based offering means for a lot of adsorption and which only provide desorption
catalytic studies. (Even more information
on Gas
information
in the case of RF-IGC)
IGC high concentration pulse
Chromatography:
RF-IGC accounts for mass transfer and
measurements can be difficult in
IGC and RF-IGC desorption phenomena and is not
some cases due to kinetic
influenced by the carrier gas flow and it has
problems.
not to account the sorption effect as well
RF-IGC makes possible to study in detail
the mechanism of a heterogeneous surface
reaction.
RF-IGC accounts not only the adsorbateadsorbent interaction, but also the
adsorbate-adsorbate interaction.
No concentration gradients or labeling of
the diffusing species are required
PFR NMR method is able to record the
mean length of the diffusion paths of the
adsorbed molecules
The application of PFG NMR is
Versatile for both macroscopic and
subject to a number of
NMR
microscopic observation
prerequisites which prohibit its
Techniques Noninvasive technique
application as a routine technique
Can be used as an efficient tool for
to any arbitrary system
determining tortuosity factors
Direct measurement of the coefficients of
intracrystalline and intraparticle diffusion
PFR-NMR information available for
mesoporous materials

Frequency
response
technique
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Table 2.1 cont.
Quasi-elastic Higher sensitivity towards small
neutron
molecular displacements
scattering Length scale of measurement
extended to several nanometers

Complicated
Specialized research facility is
required to do the experiment.
Expensive resource, usually this is
the technique of last resort.

Capable of monitoring transient
Does not allow a distinction between
Interference intracrystalline concentration profiles
the various components involved in
Microscopy Resolution of micrometers and
chemical reactions
seconds
Allows a distinction between the
IR
various components involved in
Spectroscopy chemical reactions.
Transient intracrystalline
and IR
Microscopy concentration profiles can be
monitored.
Potential to separate the contributions
of diffusion and adsorption
The majority of apparent diffusivities
Isotopic
obtained with this method are in the
Apparent diffusivities are obtained
Labeling
same order as transport diffusivities
obtained from uptake and
chromatography measurements.
Due to the high penetrating power of
the gamma rays, in situ measurements
can be performed on ordinary
laboratory-scale reactors at normal
reaction conditions
One has the possibility of only
labeling one component in a mixture,
Positron
thus making it possible to study only
Emission
this component or doing a
Experimentally complex
Profiling (PEP)
multicomponent analysis.
and Tracer- The advantage of using tracerExchange PEP exchange experiments over using
transient experiments is that one is
assured that the entire experiment is
performed under steady-state
conditions so that true self diffusion
constants are measured.
Can be used at elevated temperatures
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Among macroscopic approaches, a method called Zero-Length Column (ZLC) has
proven to be quite successful at measuring diffusivities in microporous and mesoporous
materials, while taking into consideration the difficulties mentioned earlier. It minimizes
the effects of axial dispersion, heat transfer and external mass transfer resistance on the
pore diffusion kinetics. The following section provides a brief overview of the ZLC
method, which was used to determine gas diffusivity values for several CZY mesoporous
oxide structures synthesized by our group. These materials are analyzed and compared in
Chapter 6 of this thesis.

ZLC Method: Background and Theory
Eic and Ruthven102 developed the ZLC technique in 1988 to directly measure
transport diffusivities in porous adsorbent particles. The method has been widely used
during the last two decades to study diffusion in microporous to macroporous systems for
a wide variety of gases and even liquids. It was originally developed as a simple and
versatile way of measuring intracrystalline or intraparticle diffusion in zeolite based
adsorbents.103
The technique is relatively simple and consists of following the desorption of a gas
through a previously equilibrated sample. The adsorbate concentration is very low and
the carrier flow rate during desorption is sufficiently high to enable the measurement of
kinetic behavior instead of equilibrium behavior. A very small quantity of sample
contained between two sintered discs is used to eliminate mass and heat transfer effects.
This last characteristic is the reason for the name zero-length column as the sample cell
has almost no height. The relevant parameters are extracted using the long-time
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asymptote of the desorption curve102, a short-time approximate method104, or an
intermediate time analysis technique105-107.
The basic aspects and advantages of this technique are shown in Table 2.2.
Table 2.2. Basics of the Zero-Length Column Method

Basics

Advantage

Develop a desorption curve for a previously
equilibrated sample to obtain a curve of fractional
desorption versus time

Simple set up

Use large or small crystals, low adsorbate
Eliminate intrusion of extraneous
concentrations and very small adsorbent sample
heat and mass transfer
amount as well as high carrier gas flow rate during
resistances
desorption
Conditions are normally adjusted so as to work
within the Henry’s Law region

Not a restriction

Use long, short or intermediate-time analysis
techniques to get diffusivities.

Proven effective for diffusion in
mesoporous materials

A tabulated review of the literature published for ZLC systems for micro and
mesoporous materials is shown in Appendix B.

Experimental set-up
A general schematic of the ZLC apparatus used in this thesis is shown below.
Additional details and schematics for the system are shown and discussed in Chapter 6.
Pictures of the complete Clemson ZLC system, as set up by our group for this method, is
presented in Appendix C.
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Figure 2.6. Schematic of ZLC apparatus. Additional apparatus images are shown in
Appendix C and Chapter 6.
The ZLC experiments consist of 6 basic steps:
i. 1-5 mg of sample (catalyst) are loaded between two sintered discs inside the
diffusion chamber. Small quantities prevent heat and mass transfer effects.
ii. Samples are activated/dried overnight at high temperatures (> 200 °C).
iii. The sorbate used is adjusted and maintained at low concentrations in the carrier
gas stream. This maintains the experiments in the linear region of the adsorption
isotherm or Henry’s law region.
iv. The samples are equilibrated with the diluted sorbate for at least 1-2 hours.
v. Desorption is performed using a pure carrier gas at a high flow rate to minimize
mass and heat resistances on the sample surface.
vi. Desorption curves are analyzed using the appropriate method.
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Data Analysis
Response curves are normalized with respect to the initial concentration; therefore,
calibration of the detector is not required. The following equation is used to normalize the
response:

c(t ) σ (t ) − σ inf
=
c0
σ 0 − σ inf

(v)

Figure 2.7. Qualitative Raw ZLC response and its corresponding normalized response
curve.

The normalized response curves are analyzed using a mathematical model derived from
the fluid-phase mass balance in radial coordinates for the sample material and the mass
transfer equation through spherical particles (due to model assumptions described below,
adsorbent particles are assumed to be spherical).

Mathematical Model
The basics of the ZLC model are derived from Fick’s second law of diffusion, which
describes the mass balance through the solid phase via diffusion. Mass transfer also
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occurs via the constant flow through the reactor bed.108 The main equations for the
system are shown below.
Fluid phase mass balance

VS

dq
dc
+ Vf
+ F ⋅ c(t ) = 0
dt
dt

(2-vi)

Solid phase mass balance
dq
∂ 2 q 2 ∂q
= D( 2 +
)
dt
r ∂r
∂r

(2-vii)

where Vs is the volume of the solid phase, q is the concentration of the adsorbed-phase, F
the fluid flow rate, c is the concentration of sorbates in the fluid-phase, D the effective
diffusion constant and r the radial coordinate.
Both mass balance equations (2-vi) and (2-vii) need to be solved simultaneously
using the initial and boundary conditions below. A detailed derivation can be found in
Appendix D.
Initial conditions

q(r ,0) = qo = Kc0 ; c(0) = c0
Boundary conditions

(

∂q
) r =0 = 0; q ( R, t ) = Kc(t )
∂r

where K is the Henry’s law constant.
For convenience I present the basic outline of the mathematical approach as described
by Qiao and Bhatia.109 The model is based on four assumptions:
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 The fluid phase accumulation term in the particles is small compared to that in
the adsorbed phase. Therefore, it is neglected in the fluid phase mass balance.

 The adsorbent particles are spherical, and adsorption equilibrium is attained at
the particle surface, while satisfying Henry’s law.

 The flow rate of the carrier gas stream is sufficiently high, so as to eliminate
the intrusion of heat and external mass transfer resistances.

 The temperature of the adsorption column is considered to be constant.
Using the assumptions mentioned, the adsorptive mass balance equation in the fluid
phase and the adsorptive mass balance for a spherical adsorbent particle are solved using
their respective initial and boundary conditions. This system yields the solution:




 2 ∑





 



   


(2-viii)

where c is the gas-phase concentration of adsorbate, D is the intra-particle diffusivity, t is
time, R is the particle radius and L is a dimensionless factor. The β or eigenvalues are
given by the roots:
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(2-ix)
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where F is the gas volumetric flow rate, Vs is the volume of the solid phase, ρ is the pore

wall density, ρs is the particle density and . p is the particle porosity.

Equations viii - xi are used to fit the experimental desorption curves using two
different methods to obtain the best fitting parameters for D/R2 and L. The
implementation of these techniques will be shown in Chapter 6.

Applications to mesoporous materials
In the last 10 years, mesoporous materials diffusion properties have been studied by
different groups using the ZLC method.107-112 Qiao and Bathia109,
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have studied the

diffusion of linear paraffins in MCM-41 finding diffusivities using a non-linear square
method that uses the full-time range desorption curve. Similarly, Gobin108 found the
diffusion behavior of different gases in SBA-16 materials finding pore diffusivities
around 1x10-9 cm2/s. Similar work for systems of mesoporous materials and different
gases were done by Huang et al.111, Malekian et al.107, Mejonge et al.112, among others.
Limited studies have been published on the effect of CZY pore morphology in
catalysts operation. The ZLC method can be useful in measuring diffusion effects related
to pore morphology.

Summary
This chapter has presented a detailed overview of the concepts, fundamentals and
previous work in the area of mesoporous materials, CZY applications, synthesis of silica
and non-silica based mesoporous materials and diffusion in porous solids. These concepts
will be of importance throughout the dissertation.
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CHAPTER THREE
BLOCK COPOLYMER (BC) TEMPLATE ROUTE FOR THE SYNTHESIS OF CZY
MATERIALS: EFFECT OF TYPE OF BC AND BC CONCENTRATION ON CZY
PHYSICAL PROPERTIES

Introduction
The synthesis of mesoporous materials has been an area of significant relevance in
the last decade. Since the discovery of the ordered mesoporous MCM-411 family of oxide
materials, a series of novel mesoporous oxides have been synthesized starting with silica
based mesostructures but quickly extending to other types of oxides. These mesoporous
materials have high surface areas and large pore sizes, which makes them optimal
supports for a variety of catalytic systems2, 3 as reviewed in the last chapter.
Mesoscopic order is imparted typically by cooperative self-assembly of the inorganic
and surfactant species interacting across their hydrophilic-hydrophobic interfaces. The
inorganic species are then cross-linked to form dense, continuous metal oxide networks.4
A great deal of effort has been devoted to control the morphology of these mesoporous
materials. A variety of factors, such as type of precursors, solvent, temperature, aging,
drying, stirring rates, template type, solution pH, and ratio of template to precursor have
been investigated in detail.5-12
Despite the large number of studies examining synthesis parameter effects on final
physical properties and morphology of mesoporous materials, it remains crucial to
examine in detail the role of the template and template to precursor ratio on the final
product. In this regard, limited work has been done on CZY mesoporous oxides. As
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reviewed in the Chapter 2, CZY mesoporous oxides are of great importance in various
fields. For this particular case, their application as catalyst supports for three-way
catalysts in catalytic converters is our focus.
In the past, our group13 has conducted successful efforts to synthesize CZY oxides
with mesoporous structures using different templates. Block copolymers (BC), and in
particular Pluronic P123, have proven to be some of the best templates for synthesizing
mesoporous CZY materials as compared to other hard and soft templates like surfactants,
porous carbons and resins.
Block copolymers are polymers that contain two or more homo-oligomer subunits
that are covalently bonded together. For example, Pluronic P123 is a triblock copolymer
of poly(ethylene) oxide and poly(propylene oxide) PEO-PPO-PEO [((EO)20(PO)70(EO)20]
This polymer is a "triblock copolymer" because it contains three different chemical
blocks. It is also possible to make diblocks, tetrablocks, multiblocks, etc. Poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) PEO-PPO-PEO block copolymers
(available commercially as Pluronics or Polaxamers) are a very promising class of BCs
for both material science and pharmaceutical applications.14
Block copolymers are interesting because they can "microphase separate" to form
periodic nanostructures. Microphase separation is a situation similar to that of oil and
water. Oil and water are immiscible - they phase separate. Due to incompatibility
between the blocks, block copolymers undergo a similar phase separation. Because the
blocks are covalently bonded to each other, they cannot demix macroscopically as water
and oil. Thus, with "microphase separation", the blocks form nanometer-sized structures.
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The microstructures resulting from the self-assembly of P123 block copolymer vary from
micelles in solution to various types of liquid crystalline phases such as cubic, 3Dhexagonal, 2D-hexagonal and lamellar when the concentration of the polymer is
increased.14
Depending on the relative lengths of each block, several block copolymer
morphologies can be obtained as seen in Figure 3.1. By using blocks of dissimilar length,
a hexagonally-packed-cylinder geometry can be obtained. Blocks of similar length tend
to form layers (often called lamellae in the technical literature). Between the cylindrical
and lamellar phase is the gyroid phase. The nanoscale structures created from block
copolymers could potentially be used for creating devices for use in computer memory,
nanoscale-templating and nanoscale separations.15 This capacity to form nanostructures
makes them highly useful in creating mesoporous materials with certain mesoscale
arrangements of pores.
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Figure 3.1.Theoretical AB diblock copolymer phase diagram (χN is the segment-segment
interaction parameter and φA is the volume fraction of component A). Reprinted with
permission from ref16. Copyright © Holger Frauenrath, 2000–2013.
Given their inherent ability to self-assemble, Pluronics, such as P123 and F127, have
been used as templating agents for the design of highly organized oxide materials by solgel chemistry.1,

17

The detailed review of BC templated mesoporous oxides by Soller-

Illia18 illustrates the great possibilities of this templating route, but stresses how the
physical, chemical and processing parameters must be thoroughly controlled to
reproducibly obtain mesoporous materials. Studies by Lelong et al.19 on MCM-41
materials showed the effect of surfactant concentration on the morphology and texture of
MCM-41 materials. They found that both, the external organization and internal pore
structure, are governed by the silicate:surfactant ratio.
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Similar work for silica monoliths4 showed that the degree of microphase separation
and the resulting mesostructure of bulk samples depended strongly upon the BC
concentration, with higher concentrations producing higher degrees of order. However, it
is well-known that silica structures have a very different chemistry than transition metal
oxides.20, 21 Thus far, a limited amount of work has been conducted on the BC templating
of transition metal oxides mesostructures.22-29 Still to the best of my knowledge, only
CTAB templated synthesis of CZY materials has been reported.30
This work deals with the synthesis of mesoporous CZY materials using different
block copolymers (BC) and different BC concentrations and its effects on physical
properties and pore morphology of CZY oxides. This work is important because BCs are
one of the most effective and versatile templates for the synthesis of mesoporous oxide
materials, and yet their use as templates for the synthesis of mesoporous CZY materials
has not been reported. The first section of this chapter deals with the effects of changing
the P123 BC concentration for the synthesis of CZY mixed oxides and the second part
deals with the effects of changing the type of BC.
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I.

Effect of P123 Block Copolymer Template Concentration on the
Properties of Sol-Gel Synthesized Mesoporous CZY Mixed Oxides

This section focuses on the effects of changing the composition of the Pluronic
template during the synthesis of the CZY supports since previously these supports have
only been synthesized using the same starting compositions via sol-gel synthesis.13 This
variable might be able to positively affect a range of physical properties, such as surface
area, average pore size, and ordering of the porous network among others.

Experimental
Materials
Pluronic® P-123 (Mav = 5800, PEO20 PPO70PEO20), zirconyl nitrate hydrate
(ZrO(NO3)2·H2O) and yttrium nitrate hexahydrate (Y(NO3)3·6H2O) were purchased from
Sigma-Aldrich. Cerium nitrate hexahydrate (Ce(NO3)3·6H2O) from Alfa Aesar.
Ammonium hydroxide (NH4OH), hydrogen peroxide (H2O2, 30% solution) and 1Propanol were obtained from Fisher. All chemicals were used as received without further
purification.

Synthesis
In a typical synthesis, 4 g of zirconyl nitrate, 0.7 g of yttrium nitrate and 8.3 g of
cerium nitrate were dissolved in 80 ml of distilled water. The proportions were chosen by
Toyota Motor Engineering as the optimal combination for their interests. Later, 1 ml of
hydrogen peroxide was added to the solution to transform Ce(III) to Ce(IV), causing a
color change to the solution. Various amounts of Pluronic P123 were dissolved in 40-200
ml of an aqueous ethanol solution (50% vol). The two solutions were combined with
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vigorous stirring, and then ammonium hydroxide was added as a precipitating agent for
the metal oxides. The resulting solution was aged for 1 day at 100 °C in a closed PFA
Teflon vessel. The aging time and temperature were decided based on reported conditions
for similar systems. The precipitate was washed and filtered to eliminate impurities and
nitrate salts remaining in the product. It was finally dried at 100 °C for 1 day and
calcined (using a heating rate of 1 °C/min) at 600 °C for 4 hours. Figure 3.2 depicts the
general synthesis procedure described above.

Figure 3.2. Schematic procedure for the synthesis of CZY mesoporous oxides and picture
of final product.
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All samples were prepared using the same procedure above but the molar ratio of
P123 was varied such that starting molar ratios were xP123 : 1Y1O1.5 : 9ZrO2 : 10CeO2
where x = 0.1, 0.5, 1.0, 2.0, 3.0, 6.0, 8.0 or 10.0.
Tables 3.1 and 3.2 below show typical compositions for the synthesis for CZY
materials using different (block-copolymer):(precursor) ratios.
Table 3.1 Typical composition of P123 templated CZY mixed oxides using a molar ratio
of 0.1 for the block copolymer.

ZrO(NO3)2·H2O (ZrO2)
Y(NO3)3·6H2O (Y1O1.5)
Ce(NO3)3·6H2O (CeO2)
NH4OH
P123
H 2O 2
Water
Propan-1-ol

Oxide Molar Ratio

Scaled Salt Wt (g)

9
1
10

4.000
0.736
8.346
2.021
1.115
1 ml
100ml
25ml

Table 3.2. Typical composition of P123 templated CZY mixed oxides using a molar ratio
of 10 for the block copolymer.
Oxide Molar Ratio
ZrO(NO3)2·H2O (ZrO2)
Y(NO3)3·6H2O (Y1O1.5)
Ce(NO3)3·6H2O (CeO2)
NH4OH
P123
H 2O 2
Water
Propan-1-ol

9
1
10
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Scaled Salt Wt (g)
4.000
0.736
8.346
2.021
111.481
0.327
280ml
100ml

Characterization
Nitrogen adsorption and desorption isotherms at 77 K were measured using a
Micromeritics ASAP 2020 system after the samples were outgassed under vacuum at 473
K overnight. The sorption data were analyzed using the Barret-Joyner-Halenda (BJH)
model to obtain the pore size distribution and with the Brunauer-Emmet-Teller (BET)
model for surface area.
The phase characterization was performed by powder X-ray diffraction (PXRD) using
a Scintag XDS Model 2000 diffractometer with Cu K α radiation (λ = 1.5406 Å) and Ni
filter, operated at 30 kV and 20 mA. Similarly, small-angle X-ray diffraction (SAXRD)
patterns were obtained using a Rigaku Ultima IV X-ray diffractometer with Cu K α
radiation (λ = 1.5406 Å) and Ni filter, operated at 40 kV and 44 mA.
A Horiba Jobin Yvon ULTIMA 2 inductively couple plasma atomic emission
spectrometer (ICP-AES) was used to determine elemental compositions. To dissolve the
samples, 0.1 g of calcined CZY oxides were mixed in a PFA vessel with 0.5 g of
ammonium sulfate ((NH4)2SO4), 10 ml of concentrated sulfuric acid (H2SO4) and 30 ml
of distilled water. The sample dissolution was carried out in a CEM Mars 5 Microwave
Accelerated Reaction System with microwave power range between 0 to 100% with
options of 300, 600 and 1200 W. The microwave digestion protocol consisted of 5 stages:
1 hour hold time for each 230, 200, 180, 130 and 120 °C digestion temperatures, each
stage immediately followed by the next. All stages were performed at 600 W and 100%
power.
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Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM)
studies were carried out on a TEM-Hitachi H7600 and on a STEM-Hitachi HD 2000
electron microscope operating at 120 and 200 kV, respectively, to determine the
morphology of the samples. Energy-dispersive X-ray (EDX) spectra were taken on an
Oxford INCA Energy 200 Energy Dispersive X-ray spectrometer (EDS) connected to the
HD200 electron microscope to determine localized compositions.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
carried out using a SDT Q600 Simultaneous DSC/TGA Analyzer.

Results and Discussion
Table 3.3 summarizes the data for BET surface area and BJH average pore sizes for
the different CZY materials synthesized with different P123 compositions. The
corresponding nitrogen adsorption-desorption isotherms and the corresponding BJH pore
size distribution plots for some of the oxide materials listed in the table are shown in
Figure 3.3. Additional isotherms and pore size distribution plots for the other
compositions are not shown since their shape is very similar to that shown in Figure 3.3.
Table 3.3. Comparative chart of P123 composition effects on CZY materials [Pluronic®
P-123 (Sigma-Aldrich, PEO20PPO70PEO20)]
Molar ratio
P123
0.1

Weight %
P123**
7.9

BET surface area
(m2/g)*
92

BJH pore diameter
(nm)*
5.2

0.5

29.9

90

6.2

1

46.0

96

6.2

2

63.0

103

18.4***

3

71.9

123

15

6

83.6

137

14.9

61

8

86.7

10

89.5

146

16.0

165

17.9

2

* The error margin for the surface area is ±5 m /g and ±0.5 nm for the pore diameter.
**Weight percentages are based on the weight of the nitrate salts and the template only.
*** This value is off the trend and is probably due to some measurement error.
The BET surface area for the synthesized CZY materials increases from 92 to 165
m2g-1 as the concentration of P123 increases and the BJH average pore diameter increases
as well from 5.2 to 17.9 nm. I believe the pore diameter data for the sample prepared with
a P123 molar ratio of 2.0 is an error and should be ignored. The higher concentrations of
block copolymer in the synthesis sol-gel generally lead to an increase in the average pore
size and surface area of the calcined oxide products. This is partially due to the as
synthesized oxides containing a proportionately greater amount of template as the
template concentration is increased, which upon calcination lead to a final oxide product
that is more open and porous. In general, these data show that the pore diameter can be
tuned by varying the concentration of the surfactant as shown in previous studies.18
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Figure 3.3.. N2 adsorption-desorption isotherms and BJH pore size distribution plot
(inset) for P123 templated CZY at (a) 1.0 and (b) 10.0 P123 molar ratio.
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In the nitrogen adsorption isotherms (Figure 3.3), the hysteresis loops of the samples
resemble that of a typical type-IV isotherm, indicating the presence of mesopores. As
shown, the pore size distribution plots (Figure 3.3, inset) are unimodal.
Powder X-ray diffraction patterns for calcined CZY materials are shown in Figure 3.4
and Figure 3.5. The wide-angle XRD patterns (Figure 3.4) show well-resolved broad
peaks similar to the pattern of pure ceria indicating the samples have the same cubic
structure of ceria. This is not surprising as it has been previously shown that transition
metal oxides tend to have crystalline structures,31 contrary to the amorphous structures of
silica-based oxides.
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Figure 3.4. Wide-angle powder X-ray diffractogram for synthesized CZY mixed oxides
at different block copolymer P123 ratios.
The line broadening in the XRD pattern indicates that the powder consists of
nanocrystallites. Further, the absence of peak twinning in the spectra suggests no phase
segregation occurred. One interesting observation is that template concentration during
synthesis does not play a role in the resulting phase structure of the crystalline regions of
the samples since all patterns are basically the same over all studied P123 concentrations,
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which means that all samples have uniform crystalline structures over the full range of
sol-gel template concentrations studied.
Table 3.4. Comparative chart of crystallite dimensions for the different P123 templated
CZY oxides calculated using the Scherrer equation on the diffraction peaks.

Molar ratio P123 Mean Crystallite Dimension (nm)
0.1
5.6
0.5
5.4
1
5.3
2
5.2
3
5.5
6
4.8
8
4.4
10
4.3
* The error margin for the crystallite dimension is ±0.5 nm.
As shown in Table 3.4, the corresponding primary crystal size was between 4.3 and
5.6 nm as calculated by applying the Scherrer equation on the first peak of the XRD
pattern. The size of the crystallites has a general tendency to decrease as the
concentration of the template was increased. This result agrees quite well with the
tendency observed with the BET surface area of the materials to increase as more
template is present during synthesis. Thus, for P123 templated CZY systems, increased
template concentrations lead to smaller but more numerous CZY crystallites condensing
to form larger particles, which leads to a more jagged pore wall and higher overall
surface areas.
Small angle XRD patterns (Figure 3.5) did not reveal any low angle peaks, indicating
that the porous network in the mesostructures lacked long range ordered mesoporosity
despite the use of differing concentrations of block copolymer during the CZY synthesis.

65

Previous synthesis studies of mesostructures with similar metal oxide components were
also unable to form ordered mesoporous structures using sol-gel synthesis techniques.31

Figure 3.5.. Small-angle powder X-ray diffractogram for synthesized CZY mixed oxides
at different block copolymer P123 ratios.
Elemental composition studies using ICP-AES were carried out in order to determine
if the proportions of oxides incorporated during synthesis (theoretical amount) were
unchanged after calcination, because prior studies32-34 have shown that catalytic converter
performance can be significantly enhanced using specific ratios of ceria, zirconia, and
yttria oxides as catalyst supports. The results are shown in Table 3.5.
Table 3.5. Elemental compositions for the different P123 templated CZY oxides after
calcination.
Sample

ZrO2 (mol %)g

YO1.5 (mol %)g

CeO2 (mol %)g

Theoretical Amount

45.00

5.00

50.00

P123 R0.1

46.43

5.07

48.50

P123 R1.0

46.13

4.99

48.88

P123 R3.0

47.10

4.93

47.98

P123 R10.0

53.60

4.32

42.09

g. The error margin for the elemental composition is ±2.0 mol%
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Elemental analysis for all samples, except for the sample having a P123 molar ratio of
10.0 (most concentrated in P123), show that the measured oxide composition is within
the margin of error of the theoretical composition indicating that all oxides are well
incorporated into the final mesoporous structure in the proportions used during synthesis.
However, there is a slight decrease of ceria and yttria content as BC concentration
increases and an increase in zirconia content. The decrease in ceria might reduce the
oxygen storage capacity of the synthesized material but for this case the reduction is not
significant enough to cause an effect on the OSC properties of the support.
One of the most important steps for the synthesis of mesoporous networks is the
formation of micelles in which the oxides will be deposited during synthesis35. Since
previous efforts by my research group failed to produce mesostructured CZY materials
with ordered pores, it was concluded that the lack of ordering of the mesopores could
have resulted from the P123 template not being present at concentrations above its
critical micellization concentration (cmc), the copolymer concentration at which micelles
start forming.36 Thus, increasing Pluronic concentrations during the synthesis of these
mesostructures might increase the likelihood that the template would reach its cmc of
8x10-4 mol/L for P123 and form ordered oxide structures. To check if mesopores ordering
was improved, TEM and SEM images were collected for CZY oxide samples prepared
using differing concentrations of template.
The TEM and SEM images of some of the calcined CZY samples are shown in
Figure 3.6. The existence of mesopores is clearly observed but the mesopores are not
highly ordered. The size and crystalline nature of the observed samples is in good
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agreement with the XRD results, the crystallites have sizes from approximately 2 to 11
nm and they seem to decrease in size as the ratio of template increases.

a

b

c

Figure 3.6. (a) TEM and (b-c) SEM images of calcined CZY samples at different P123
template molar ratios: a) ratio of 1, b) ratio of 3, and c) ratio of 10.
The TEM images are similar for all samples, despite them being prepared at the
different template concentrations. Specifically, all samples look like an agglomeration of
nanosized particles with no particular order, which differs from the honeycomb
morphology of MCM-41 and SBA-15 silica materials prepared using the same template.
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This last observation is confirmed by the SAXRD patterns, as they do not show any low
angle diffraction peaks that are attributable to the spacing between ordered pores.
This result suggests that no ordered assembly process is occurring during the
synthesis process yielding random arrangements of CZY oxides with mesopores resulting
from the voids between the oxides generated by the Pluronic template removal. The lack
of periodicity in the arrangement of pores might be caused by the instant precipitation of
oxides, preventing the micelles to reach their cmc and self-assemble into secondary
structures before the oxides are formed.
The block copolymer template route for mesoporous oxides is expected to yield
ordered arrangements of pores as a result of self-assembly processes that occur for these
templates under the ideal circumstances. The expected process is explained by Soler-Illia
et al.18 and is shown in Figure 3.7. However the lack of an ordered consolidated CZY
mesostructure for this case indicates that the self-assembly process might not have taken
place. This can be a result of insufficient time for the Pluronic template to microphase
separate or to the collapse of the mesostructure during calcination caused by the fragile
crystalline mesostructure of CZY oxides. Further analysis of these circumstances for solgel processes will be shown in the next chapter of this thesis.
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Figure 3.7. Schematic view of the steps leading from a solution to a mesoporous oxide
network. Reprinted with permission from ref18. Copyright © Elsevier Limited.

The energy dispersive X-ray (EDX) results (see Appendix E) indicated that the
measured molar ratios of oxides are similar to the initial proportions of the oxides
adopted during synthesis, supporting the results from the ICP-AES analysis. The
distribution of oxides on the surface is also uniform indicating no phase segregation as
well.
The DSC and TGA curves of the synthesized CZY materials at different template
concentrations are shown in Figure 3.8. Two different calcination protocols were
compared in order to decide which heating rate for calcination would be efficient with
respect to heating times but also heat sufficiently slow so as to prevent the thermal
collapse of the pores. For CZY materials, their high thermal stability suggest that thermal
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collapse could only occur if the P123 template underwent rapid thermal oxidation,
generating extremely high local temperatures sufficient to melt local oxide framework.
The heating rates compared in the experiments were 1 and 20 °C/min. For the equipment
used, the downward peaks indicate endothermic (evaporation) processes while the
upward peaks indicate exothermic (combustion) processes.
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Figure 3.8. DSC and TGA profiles of the CZY materials at (a) 0.5 (b) 1.0 (c) 3.0 and (d)
10.0 molar ratio calcined from room temperature to 600 °C. J and K burned in air and L
in nitrogen.
The DSC plots show that the samples calcined at a heating rate of 20 °C/min have
noticeably higher exotherms than the samples calcined at 1 °C/min, suggesting that
samples heated at the higher rate experience significantly higher local temperatures. The
most significant exotherms were recorded between 200 and 400 °C and come from the

71

burning of the template. It is also possible to observe a shift in the temperature at which
the exothermic process occurs at the different heating rates (see Table 3.6). If samples
are calcined slowly, the exotherm arising from template oxidation occurs at temperatures
50 to 160 °C lower than if the sample were calcined at 20 °C/min since high heating rates
do not allow enough time for the uniform and stable burning of the template causing the
peak to appear later.
Table 3.6. Comparison of temperatures at which exothermic peaks have highest point and
the difference of their appearance at the different heating rates and template molar ratios.

Exothermic peak (°C)a
Difference (°C)
Template molar ratio
1 °C/min 20 °C/min
0.5
233
291±4
58±4
1
232
300±3
68±3
3
274±4
338
64±4
10
260±28
351±40
91±68
a. The margin of error related to equipment is ± 8 °C.
Table 3.6 also shows that higher template concentrations lead to the exotherm
associated with template removal/oxidation being shifted to higher temperatures when the
samples are calcined at the same heating rate. This observation indicates that in order to
avoid the appearance of hot spots in the samples, which might contribute to localized
melting of the oxide and subsequent loss of structure, CZY mesoporous materials
containing organic templates must be calcined at low heating rates. Also, the upper
allowable heating rate is directly related to the level of template in the as synthesized
sample, with higher template loadings requiring lower heating rates.
TGA curves (Figure 3.8) show some of the same phenomena that was shown by the
DSC analysis. For example it is observed that samples calcined at higher heating rates
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have greater weight loss at higher temperatures due to the less uniformity of the burning
process. The removal of physically adsorbed water does not appear in the TGA plot
indicating the samples were well dried at the beginning of the measurements. Complete
removal of the Pluronic template is observed at around 400 °C in the TGA plot.
Table 3.7. Comparison of template weight percent loss during calcination and the
quantities of template incorporated during synthesis.
Template molar ratio Weight % P123 (synthesis)a Weight % loss during calcinationb
0.5

30

18±4

1

46

20±6

3

72

37±4

10

89

80±9

a. The margin of error for the synthesis is ±1% weight.
b. The margin of error related to equipment is ±2% weight.

Table 3.7 shows the difference between the quantity of template incorporated during
synthesis and the quantity of template lost during calcination. These data provide an
estimate of how much template was incorporated into the as synthesized oxide structure
following filtration and washing processes. It is observed that for the lower molar ratios
the relative quantity of template lost during synthesis is about a half of the quantity of
template incorporated in the starting sol-gel. For the highest concentration of template
(P123 molar ratio of 10.0), a greater percentage of the template seems to be incorporated
into the as synthesized oxide sample. This might show that the ticker the solution (higher
BC concentration), the better it remains after being washed and filtrated.
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Conclusions
Mesoporous CZY supports were synthesized from inorganic salts using different
concentrations of block copolymer templates via sol-gel techniques. Higher surface areas
and larger pore volumes were observed in samples where the template concentration was
increased. These results confirm that it is possible to tune the pore diameter of CZY
mesostructures by changing the (template):(oxide precursors) ratio.
Despite showing uniform crystalline structures at all sol-gel template concentrations,
none of the mesostructures were well ordered, suggesting that template concentration
alone does not control the periodicity of the structure. This might be due to insufficient
time for the micelles to organize into mesostructures and/or to the collapse of any
mesostructure formed due to the fragile crystalline walls of CZY mixed oxides. The
reasons behind this phenomenon will be analyzed in depth in the next chapter.
The relative proportions of the various oxide components were maintained throughout
the synthesis and calcination processes, except for supports made with extremely high
block copolymer concentrations. It was also shown that using a low heating rate and
maintaining appropriate template concentrations might lessen the probability of collapse
of the mesostructure during calcination. The loss of structure during calcination was
attributed to the formation of hot spots that are generated by the rapid oxidation of
organic template. This deleterious effect is compounded by the use high heating rates
and high organic template loadings.
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II.

Effect of Different Pluronic Block Copolymer Templates on the Properties
of Sol-Gel Synthesized Mesoporous CZY Mixed Oxides

Block copolymers have become a widely used template to create mesoporous
networks with different oxides for a wide variety of applications.18 Our research group
has previously worked with Pluronic P123, as it is one of the most widely used block
copolymers for templating purposes.13
To expand upon previous studies with P123 templates, I tried other block copolymers,
such as Pluronic P65 and Pluronic F127, which could serve as templates for the synthesis
of mesoporous oxide materials. The other Pluronics considered have the same
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO)
structure. They feature shorter hydrophobic chains and larger hydrophilic chains,
respectively. Significantly different molecular weight is also shown among the three.

Experimental
Materials
Pluronic® F127 (Mav = 12600, PEO106PPO70PEO106) and Pluronic® P65 (Mav =
3400, PEO20PPO30PEO20) were obtained from BASF. Pluronic® P-123 (Mav = 5800,
PEO20PPO70PEO20), zirconyl nitrate hydrate (ZrO(NO3)2.H2O) and yttrium nitrate
hexahydrate (Y(NO3)3.6H2O) were purchased from Sigma-Aldrich. Cerium nitrate
hexahydrate (Ce(NO3)3.6H2O) from Alfa Aesar and ammonium hydroxide (NH4OH),
hydrogen peroxide (H2O2) and 1-Propanol were obtained from Fisher. All chemicals were
used as received without further purification.
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Synthesis
All samples were prepared using the procedure discussed in the previous section of
this chapter, except that the molar ratio of Pluronics was varied such that the starting
molar ratios were xP123 / yP65 / zF127 : 9 ZrO2: 1 Y1O1.5 : 10 CeO2, where x = 1 for
P123; y = 1, 2, 3 for P65 and z = 0.5, 1, 2 for F127. Tables 3.8-10 show typical
compositions for the synthesis for CZY materials.
Table 3.8. Typical composition of P123 templated CZY mixed oxides using a molar ratio
of 1 for the block copolymer.

ZrO(NO3)2.H2O (ZrO2)
Y(NO3)3.6H2O (Y1O1.5)
Ce(NO3)3.6H2O (CeO2)
NH4OH
P123
H 2O 2
Water
Propan-1-ol

Oxide Molar Ratio

Scaled Salt Wt (g)

9
1
10

4.000
0.736
8.346
2.021
11.148
1 ml
160 ml
25 ml

Table 3.9. Typical composition of P65 templated CZY mixed oxides using a molar ratio
of 1 for the block copolymer.

ZrO(NO3)2.H2O (ZrO2)
Y(NO3)3.6H2O (Y1O1.5)
Ce(NO3)3.6H2O (CeO2)
NH4OH
P65
H 2O 2
Water
Propan-1-ol

Oxide Molar Ratio

Scaled Salt Wt (g)

9
1
10

4.000
0.736
8.346
2.021
6.535
0.327
100 ml
25 ml
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Table 3.10. Typical composition of F127 templated CZY mixed oxides using a molar
ratio of 1 for the block copolymer.

ZrO(NO3)2.H2O (ZrO2)
Y(NO3)3.6H2O (Y1O1.5)
Ce(NO3)3.6H2O (CeO2)
NH4OH
F127
H 2O 2
Water
Propan-1-ol

Oxide Molar Ratio

Scaled Salt Wt (g)

9
1
10
30
1

4.000
0.736
8.346
2.021
24.218
0.327
100 ml
25 ml

Characterization
All characterization methods and techniques were identical to those used in previous
section of this chapter.

Results and Discussion
Figure 3.9 shows the nitrogen adsorption-desorption isotherms and the corresponding
BJH pore size distribution plots for CZY supports synthesized with Pluronic P123, P65
and F127 at an equal molar ratio of template to oxides (i.e., a molar ratio of 1.0). All of
the Pluronic templates have the same polymer constituents but the sizes of the oligomer
subunits or blocks are different for each case. The templates consist of block copolymers
of ethylene oxide (EO) and propylene oxide (PO), where the two ends of the linear PO
chain are covalently bounded to two separate EO oligomers (EOn-POm-EOn). Pluronic
P123 (n=20, m=70) was the initial block copolymer tested, while later testing examined
the use of Pluronic P65 (n=20, m=30), which has a shorter hydrophobic chain, and
Pluronic F127 (n=106, m=70), which has a longer hydrophilic chain. Table 3.11 shows
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BET surface area and BJH average pore sizes for the corresponding calcined CZY oxide
materials.
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Figure 3.9. N2 adsorption-desorption isotherms and BJH pore size distribution plot (inset)
for Pluronic templated CZY at 1.0 molar ratio of (a) P123, (b) P65 (filled squares) and
F127 (empty circles).
The N2 adsorption-desorption curves show the hysteresis loop of typical type-IV
isotherms for all three CZY materials synthesized with different Pluronic templates,
indicating the presence of mesopores, in addition, the pore size distribution plots are
unimodal. The results also indicate that the BET surface area for the different CZY
materials increases as the Pluronic is changed from P123 to P65 to F127, with surface
areas ranging from 96 to 159 m2g-1 (Table 3.11) and the BJH average pore diameter
decreases from 6.2 to 3.7 nm, respectively. These results show that F127 might be the
best option as a template in terms of the BET surface area but the Pluronic P123 yields
larger diameter pores on average. However, no clear relationship is observed between
template content, chain length and surface area or pore diameter.

78

Table 3.11. Comparative chart of Pluronic template effects on CZY materials [Pluronic®
P123 (PEO20PPO70PEO20); Pluronic® P65 (PEO20PPO30PEO20); Pluronic® F127
(PEO106PPO70PEO106)]
Pluronic

Molar ratio

Weight % template**

BET surface Area
(m2/g)*

BJH pore
diameter (nm)*

P123

1.0

46.0

96

6.2

P65

1.0

33.3

102

3.8

F127

1.0

64.9

159

3.7

2

* The error margin for the surface area is ±5 m /g and for the pore diameter, ±0.5 nm
**Weight percents are based on the weight of the nitrate salts and the template only.
The wide-angle XRD patterns for the calcined CZY materials synthesized with
different Pluronic templates are shown in Figure 3.10. From these patterns, one can
observe that the samples are well crystallized. The absence of twinned peaks suggests no
phase segregation occurred and the distribution of the oxides is homogeneous. The line
broadening in the pattern shows that nanocrystallites constitute the bulk of the crystalline
portion of the sample and one can also observe that the use of different Pluronic
templates during synthesis does not play a role in the resulting phase structure of the
samples as all XRD patterns are basically the same, which was the identical conclusion
reached in the previous section when BC template concentration was varied.
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Figure 3.10. Wide-angle powder X-ray diffractogram for synthesized CZY mixed oxides
at a molar ratio of 1.0 for different block copolymer templates.
Table 3.12 shows the primary crystal size as calculated by the Scherrer equation. The
size of the crystallites was between 3.8 and 5.3 nm and decreased as the Pluronic
template was varied from block copolymer P123 to P65 to F127 with no clear relation
with template content or chain length. Small angle XRD patterns (not shown) did not
reveal any long-range order in the mesostructures as deduced from the absence of low
angle peaks in the different samples regardless of the different block copolymers used
during synthesis.

80

Table 3.12. Comparative chart of crystallite dimensions for the different Pluronic
templated CZY oxides at a molar ratio of 1.0 calculated using the Scherrer equation on
the diffraction peaks.
Template

Weight % template*

Mean crystallite dimension (nm)

P123

46.0

5.3

P65

33.3

4.2

F127

64.9

3.8

*Weight percentages are based on the weight of the nitrate salts and the template only.
ICP-AES experiments to determine the elemental composition of the samples were
carried out in order to determine if the presence of a different template during synthesis
affected the proportions of oxides remaining after calcination. The expected composition
on a molar basis is 45, 5, and 50 mol% of ZrO2, Y2O3, and CeO2, respectively. Table 3.13
shows that the oxides are well incorporated in the final sample since the oxide
compositions are within the margin of error of the expected values.
Table 3.13. Elemental compositions for the different Pluronic templated CZY oxides
after calcination.
Sample

ZrO2
(mol %)g

YO1.5
(mol %)g

CeO2
(mol %)g

Theoretical/Predicted

45.00

5.00

50.00

P123 R 1.0

46.13

4.99

48.88

F127 R1.0

46.60

5.10

48.30

P65 R1.0

46.28

4.99

48.73

g. The error margin for the elemental composition is ±2.0 mol%
Figure 3.11 shows the TEM images of some of the calcined CZY samples. The
micrographs exhibit mesoscale pores. However, there is no long-range order in the pore
arrangement of the CZY oxides using Pluronics P65 and F127 as templates. The TEM
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results confirm the XRD results. The change in Pluronic template does not seem to
improve the 3-D arrangement of the crystallites.

Figure 3.11. TEM images of calcined CZY samples at different Pluronic templates at 1.0
molar ratio.
The TEM data suggests that no self-assembly of micelles occurred during CZY
synthesis as is commonly the case for silica based materials. Thus, the end result from
the sol-gel synthesis, independent of the Pluronic polymer used as template, was a
random arrangement of CZY oxide nanocrystals with mesopores resulting from the voids
between the oxides particles that were generated by the randomly arranged Pluronic
templates.
Previous work37 has suggested that the hydrophobic oligomer of the Pluronics (PPO)
is responsible for micellization, apparently due to diminishing hydrogen bonding between
water and PPO. This might suggest that block copolymers with larger PPO chains (P123
and F127) would favor the formation of micelles that could self-order and contribute to
the formation of ordered oxide structures druing the sol-gel CZY synthesis process.
However, as pointed out before, the change in Pluronic template did not contribute to
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more ordered structures in this case. In the same study, it was concluded that the effect of
the different molecular weight of the samples was more pronounced than the effect of the
length of the chains.
Since each Pluronic has a very different molecular weight, the molar ratios of
Pluronic F127 and P65 were varied in order to be able to compare similar weight percent
of Pluronic templates during the synthesis of the CZY oxide materials. The results for the
BET surface area and BJH average pore size diameter for these materials are shown in
Table 3.14.
Table 3.14. Comparative chart of composition effects of CZY materials synthesized with
different Pluronics at similar template weight %.
Template

Molar
ratio

Weight % template
**

BET surface area
(m2/g)*

BJH pore diameter
(nm)*

P123

1.0

46.0

96

6.2

P65

2.0

50.0

122

3.7,7.4

F127

0.5

48.1

121

9.1

* The error margin for the surface area is ±5 m2/g and for the pore diameter, ±0.5 nm
**Weight percentages are based on the weight of the nitrate salts and the template only.
The BET surface area for P123 is significantly smaller than for the other BC
templates. The average pore size does not have a clear trend. Further, the bimodal pore
size distribution of the P65 sample has yet to be fully explained and understood but its
smaller hydrophobic and hydrophilic chains as compared to P123 and F127 respectively
might be a factor.
The changes in concentration for the Pluronic P65 and F127 were also studied. Tables
3.15 and 3.16 show the BET surface area and BJH average pore size for CZY supports
made with Pluronic P65 template and F127 template at different molar ratios. Additional
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isotherms and pore size distribution plots for these compositions are not shown since
their shape is very similar of that shown in Figure 3.9.
Table 3.15. Comparative chart of P65 composition effects on CZY materials.
Molar ratio
1
2
3

Weight % template
**
33.3
50.0
60.0

BET surface area (m2/g)*

BJH pore diameter (nm)*

102
122
139

3.8
3.7, 7.4
12.5

* The error margin for the surface area is ±5 m2/g and for the pore diameter, ±0.5 nm
**Weight percentages are based on the weight of the nitrate salts and the template only.
Table 3.16. Comparative chart of F127 composition effects on CZY materials.
Molar ratio
0.5
1
2

Weight % template
**
48.1
64.9
78.7

BET surface area (m2/g)*

BJH pore diameter (nm)*

121
159
159

9.1
3.7
14.9

* The error margin for the surface area is ±5 m2/g and for the pore diameter, ±0.5 nm
**Weight percents are based on the weight of the nitrate salts and the template only.
From Table 3.15 it is possible to appreciate that the BET surface area for the different
CZY materials increases as the concentration of P65 in the sol-gel increases, 102 to 139
m2g-1, and the BJH average pore diameter increases as well from 3.8 to 12.5 nm with a
bimodal pore size distribution for the case of a molar ratio of 2.0 (i.e. higher template
loadings). The presence of larger amounts of block copolymer during the synthesis
causes an increase in the observed pore size. This can be attributed to higher levels of
template incorporation into the as synthesized oxide, which upon calcination yields larger
void volumes and higher surface areas per unit weight of oxide, which is the same result
obtained from earlier discussed experiments where the P123 concentration was varied.
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Similar results for pore volume are also observed with varying F127 sol-gel
concentrations (Table 3.16), but for these studies, the average pore diameter did not
exhibit a clear trend. This might be due to variations during the filtration and washing
process not allowing the complete incorporation of the template in the final structure.
However, no clear reason is attributable to this phenomenon.

Conclusions
Mesoporous CZY supports were synthesized from nitrate precursors using three
different block copolymer templates via sol-gel synthesis techniques. The presence of
different Pluronic templates during synthesis does not have a significan effect over the
surface area and average pore size of the calcined oxide samples. For future work, the
present finding lead us to believe that the type of Pluronic is not an important factor to
consider when designing the synthesis procedure for these oxides.
Also, all Pluronic templated samples showed uniform crystalline structures and the
various ceria, zirconia, and yttria oxides were well incorporated into the final structure.
However, none of the mesostructures were well ordered, suggesting that neither the BC
template type nor the length of the hydrophobic or hydrophilic chains of the polymer
template have an effect on the formation of periodic pore structures within the final
mesoporous CZY oxides. We can conclude that not the type of the BC, but the synthesis
method and parameters can affect the morphology of the mesoporous CZY structure.
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CHAPTER FOUR
CERIA-ZIRCONIA-YTTRIA MESOSTRUCTURES VIA CLASSICAL SOL-GEL
AND EVAPORATION INDUCED SELF-ASSEMBLY METHODS

Introduction
Mesoporous oxides exhibit unique properties that make them useful in a wide range
of applications, including catalysis,1-4 adsorption,5, 6 biomolecular separation,7, 8 and drug
delivery9, 10. These properties are derived from their high surface area, uniform pore size
distribution, large pore volume and thermal stability. Much of the early work on
mesoporous materials focused on siliceous rich materials, starting with the successful
synthesis of MCM-41 materials.11 Whereas, more recent efforts have focused on
expanding the molecular diversity of mesoporous materials, so as to include a variety of
mesoporous transition metal oxide materials.12-14 These latter efforts have exposed a key
problem with applying the synthetic methodologies developed for siliceous materials to
systems containing significant amounts of transition metal oxides.

Namely, the

hydrolysis and condensation reaction rates of most transition metal cation precursors,
especially low-cost metal salts, are vastly different than siliceous material precursors,
with the reaction rates for most transition metal oxide precursors being much faster.
These faster reaction rates often lead to a loss of morphological control and the formation
of condensed oxide structures. This results from the rate of metal precursor hydrolysis
being too fast, providing insufficient time for reactive oxide intermediates to oligomerize
and assemble around mesopore structure directing agents (templates).
Given the varied chemistry of many transition metal oxides, there are numerous
applications for mesoporous oxide structures. Of particular interest are ceria, zirconia
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and yttria oxides as they have been widely used for a number of catalytic and electronic
applications. For example, ceria, which has unique oxygen storage and release properties,
has found applications in areas such as solid oxide fuel cells, high temperature ceramics
and catalysis, while zirconia based materials have applications as medicinal agent
carriers, catalysts, fuel cell electrolytes, electro-optical materials, damage-resistant optical
coatings and gate dielectrics.15-24 Yttria has also been widely used in high temperature
ceramic, catalysis and solid-state laser applications, in part because it enhances the
mechanical stability of high temperature ceramics.25 Additionally, combinations of these
oxides have found widespread use. For example, yttria-stabilized zirconia (YSZ) has
been widely used for thermal barrier, jewelry, and solid oxide fuel cell applications,
whereas ceria-zirconia-yttria (CZY) mixed oxides are used as catalyst supports for
applications including solid oxide fuel cells26-29 and three-way catalysts (TWC) for
automotive exhaust emission control.30-32
The development of three-way catalysts (TWCs) resulted from a need to
simultaneously convert the hydrocarbons (HCs), carbon monoxide (CO) and nitrogen
oxides (NOx) present in automotive exhaust to less harmful gases, such as H2O, CO2 and
N2. In the late 1980s, conventional TWCs employed Rh and Pt as active noble metals and
ceria as a catalyst support. The ceria support was essential for optimal catalyst
performance as it was able to store oxygen under fuel-lean operating conditions and
supply oxygen for converting HCs and CO under fuel-rich conditions, where gas phase
concentrations of oxygen are insufficient to completely oxidize these pollutants. The
broad use of ceria in automotive pollution control catalysts quickly lead to it becoming
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the largest application of rare earth oxides.33 Over the last two decades, however, the
inclusion of ceria in automotive three-way catalysts (TWCs) has transitioned away from
alumina-supported ceria to high surface area, thermally stable, preformed ceria rich
powders.34
The use of ceria catalyst supports with enhanced thermal stability was driven by the
so-called close coupled catalyst (CCC) for cold start engine emissions. These catalysts
experience temperatures up to 1373 K, which required an extremely high thermal
resistance.33 The thermal stability of CeO2 is a critical point in determining the promoting
effects of CeO2 since as soon as significant sintering of CeO2 particles occurs, both
oxygen storage capacity (OSC) and metal-support interactions appear inhibited. Jen et
al.34 showed that pure ceria has poor surface area stability compared to solid solutions of
ceria and zirconia (CZ) , and retains little useful OSC after 1050 °C aging.
Zirconia promotes the formation of more structurally active ceria sites and imparts
added thermal stability to supported ceria catalysts. CO oxidation studies

35

have shown

that, following high-temperature calcination, CZ model catalysts show higher activities
toward promotion of the ceria-mediated mechanism than ceria samples. Thus, it appears
that zirconia helps to promote the OSC of ceria in an automotive emissions catalytic
converter by promoting the formation and the stabilization of more active ceria sites than
those present for bulk ceria. In summary, use of ZrO2 resulted in effectively improving
the thermal stability of CeO2 as reported in patent literature. 36
Still, problems with CZ homogeneity (zirconia higher than 20%) resulted in the
addition of yttrium as a third cation showing improved homogeneous solid solutions over
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the whole range from ceria 100% to 0% mol. The resulting CZY oxides were evaluated
for OSC before and after thermal aging and showed great improvement compared to
other ceria based oxides. Combinations like Ce0.60Zr0.30Y0.10 oxide and Ce0.40Zr0.45Y0.15
showed almost no decrease in OSC at 500°C after 800°, 900° and 1000°C thermal
aging.37
Further evidence of performance improvement by the use of CZY supports was given
by studies of Pd supported on CZY oxides38 confirming the support excellent
performance under fuel fluctuating conditions, pollutant conversions and vehicle
emissions tests over ceria and CZ materials.
Moreover, an ordered mesoporous CZY structure presents advantages over a
disordered one. Ordered mesoporous supports overcome size constrains of microporous
materials facilitating the mass transport of bulky molecules. Their intrinsic high surface
area allows a high concentration of active sites per mass of material. These active sites
are also highly dispersed and spatially uniform. Compared to other support materials,
ordered mesopores have the advantage of reduce sintering of catalysts by stabilizing
metal particles since they cannot grow to sizes larger than the pore size unless they move
to the external surface of the particle.39 These characteristics provide CZY supports that
do not only enhance the catalysis performance of the noble metals by their OSC but also
improve their dispersion and longevity by increasing their surface area and reducing
metal sintering.
The synthesis of mesoporous ceria, zirconia and yttria has been widely reported, but
creating ordered oxide structures has presented numerous difficulties,40-49 especially for
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classical sol-gel synthesis approaches. Blin et al.47 and Rezaei et al.46 reported the sol-gel
synthesis of mesoporous zirconia using zirconyl chloride and zirconyl nitrate,
respectively, but both materials failed to exhibit the presence of an ordered array of
mesopores. Similarly, Chen et al.32,

50

and Yuan et al.51 reported the synthesis of

mesoporous zirconia by a classical sol-gel route using zirconium propoxide. Despite the
resulting materials displaying a relatively homogeneous mesostructure, analysis via TEM
showed no evidence of an ordered arrangement of pores. Following this path, Ciesla et
al.52 prepared highly ordered porous zirconium oxide-sulfate and zirconium oxo
phosphate materials, yet they were unsuccessful at preparing ordered mesoporous
zirconia. It is believed that the sulfate and phosphate groups were responsible for
inhibiting crystallization, thus, enabling sufficient time for the amorphous zirconia
oligomers to assemble into ordered hexagonal arrangements. Lyons et al.40 reported the
synthesis of ordered ceria using cerium acetate as the inorganic framework precursor.
However, TEM images of the resulting material showed the presence of both ordered and
disordered mesostructures within the same sample.
These synthesis challenges are magnified when the goal is to prepare mesoporous
mixed oxides (e.g., ceria-zirconia, yttria-zirconia) with an ordered arrangements of
pores.28,

42, 53-62

Using typical sol-gel synthesis, Feng et al.61 reported the synthesis of

mesoporous ceria-zirconia-yttria and zirconia-yttria using metal nitrates as oxide
precursors, instead of expensive alkoxides, and cetyltrimethylammonium bromide
(CTAB) as the structure directing agent, but the resulting oxides showed no long range
order. In a similar unsuccessful synthesis effort, Terribile et al.62 used both cerium and
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zirconyl chlorides as precursors and CTAB as the template. Later, Teng et al.57
documented the synthesis of ceria-zirconia via the polyol method using zirconyl chloride
and cerium nitrate as oxide precursors and poly(vinylpyrrolidone) in ethylene glycol as
the template, but the procedure yielded only disordered mesoporous structures.
Mesoporous ceria-zirconia was also obtained by Desphande and Niederberger63 using
nitrate precursor salts and a nanocasting approach with polymeric beads as the structure
directing agent, but again, no ordered oxide structure was formed. In a more successful
study, Zhao et al.64 prepared three-dimensionally ordered macroporous (3-DOM) yttriastabilized zirconia (YSZ) via an aqueous organic gel method, using the interstitial spaces
between polystyrene spheres assembled on glass substrates as the structure directing
agent. However, this study was never expanded to include the synthesis of ordered
mesoporous materials. Likewise, prior work at Clemson has successfully shown that
mesoporous CZY mixed oxides with good physical properties (e.g., high surface area,
homogeneous oxide, crystalline uniformity, and thermal stability) can be prepared using
metal nitrate precursors and a variety of templates (e.g., CTAB, porous activated carbons,
amine functionalized dendrimers, etc.) by classical sol-gel synthesis methods. However,
CZY materials exhibiting long range order remained elusive.65 In summary, to-date the
synthesis of ordered mesoporous ceria, zirconia or yttria using a classical sol-gel
approach has not been reported.
More recently, studies abandoning traditional sol-gel methods have successfully
shown that ordered mesoporous zirconia and related materials can be prepared using
evaporation induced self-assembly (EISA).66,

94

67

This process enables the rapid

production of patterned porous or nanocomposite materials in the form of films, fibers or
powders. With these systems, self-assembly of oxide precursors is driven by the
evaporation of metal precursor containing organic solvents and the absorption of a
hydrolyzing agent (water) from the vapor phase. As the hydrolyzing agent (water) slowly
enters the organic metal-rich phase, metal oxide oligomers form, diffuse, and assemble
around template materials included in the starting organic phase mixture. Following a
further loss of organic solvent and the addition of sufficient water, a final inorganic oxide
phase is formed around the template, often yielding a thin film exhibiting a long-range
mesoporous architecture. For example, Hung et al.58, 59 reported the synthesis of ordered
yttria-zirconia mesoporous structures using chloride precursors for zirconia and yttria
along with evaporation induced self-assembly (EISA) synthesis at 40° C for 3 days
controlling the relative humidity at 40%. Using a variant of this same method, Yuan et
al.53, 54 reported the successful synthesis of ordered zirconia based functional materials.
Kim et al.
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and Yang et al.

44

also reported the use of EISA methods and zirconyl

chloride as the metal precursor to obtain ordered mesoporous zirconia. Additionally, Li et
al.56 synthesized ordered ceria-zirconia macrostructures using nitrate metal precursors
and block copolymer and PMMA colloidal microspheres as templates in a procedure
resembling EISA. EISA methods were also combined with a novel type of amphiphilic
block copolymer template by Brezesinski et al.42 to yield mesostructured thin films of
ceria, zirconia and ceria-zirconia mixed oxides having highly crystalline pore walls and
ordered arrays of mesopores. Despite these advances, EISA has to-date not been used to
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synthesize a highly-ordered porous oxide containing a homogeneous mixture of ceria,
zirconia, and yttria oxides.
From this brief review, it should become apparent that traditional sol-gel methods are
not easily adapted to the synthesis of order mesoporous materials containing a mixture of
ceria, zirconia, and yttria (CZY) oxides, but evaporation induced self-assembly (EISA)
methods show great promise for preparing such materials. Therefore, this work carefully
describes the kinetic, thermodynamic and transport phenomena driving the formation of
CZY mixed oxide structures using both templated sol-gel and EISA methods. It also
compares the local structure and composition of mesoporous CZY oxides prepared using
both methods, with special attention given to the distinct oxide structures that lead to the
observation of mesoporosity via nitrogen physisorption techniques yet exhibit very
different pore morphologies. More broadly, this chapter seeks to inform about the
limitations associated with forming ordered mesoporous oxide materials via selfassembly processes employing structure directing agents.

Experimental
Materials. Pluronic® P-123 (Mav = 5800, PEO20 PPO70PEO20) and Pluronic® F-127
(Mav =12,600, PEO106 PPO70PEO106) were obtained from BASF. Zirconyl nitrate
hexahydrate (ZrO(NO3)2·6H2O, 99%), zirconyl chloride octohydrate (ZrOCl2·8H2O,
98%) and yttrium nitrate hexahydrate (Y(NO3)3·6H2O, 99.9%) were purchased from
Sigma-Aldrich. Cerium nitrate hexahydrate (Ce(NO3)3·6H2O, 99.5%) was obtained from
Alfa Aesar, while ammonium hydroxide (NH4OH), hydrogen peroxide (H2O2), ethanol
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and 1-propanol were obtained from Fisher Scientific. All chemicals were used as received
without further purification.

A. Synthesis of Mesoporous CZY via classical sol-gel. In a typical synthesis, 0.75 g
of zirconyl nitrate, 0.14 g of yttrium nitrate and 1.56 g of cerium nitrate were dissolved in
80 ml of distilled water; 0.5 ml of hydrogen peroxide was incorporated to the solution to
oxidize Ce(III) to Ce(IV). Separately, a specified amount of Pluronic P123 was dissolved
in 40-200 ml of an aqueous ethanol solution (50 vol% ethanol). The quantity of P123
included in the sol-gel was varied from 0.2 to 20 g, so as to test for Pluronic
concentration effects. The two solutions were added together with vigorous stirring, drops
of ammonium hydroxide were added slowly with mixing until reaching a pH of 10 or
greater to precipitate the metal oxides. The resulting solution was aged for 1 day at about
100 °C in a closed PFA Teflon vial. The precipitate was washed and filtered to eliminate
any impurities remaining in the product, then dried at 100 °C for 1 day and calcined in air
at 400 °C for 4 hours using a heating rate of 1 °C/min. A subset of samples was calcined
at 600 °C using the same heating rate.

B. Synthesis of CZY via EISA. Triblock copolymer Pluronic F127 (0.9-1.1 g) was
dissolved in 10 ml of ethanol at room temperature. To this solution was added zirconyl
chloride (0.8 g), yttrium nitrate (0.1 g) and of cerium nitrate (1.2 g), and the solution was
stirred until all salts were completely dissolved. The resulting solution was aged for 1 to 2
days in an open petri dish at 40 °C and 50 % relative humidity (RH) in a humidity
controlled oven until a gel is formed as a result of solvent evaporation and hydrolysis.
The remaining product is finally dried at 100 °C for 1 day and calcined in air at 400 °C
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for 4 hours using a heating rate of 1 °C/min to avoid collapse of the mesoporous
structure. A subset of samples was calcined at 600 °C using the same heating rate.
Sample containers during the evaporation process were varied to have different
evaporative surface areas and solution levels to allow ethanol evaporation rates to differ
as well as to vary the influx of the hydrolyzing agent (water) to the system. Appendix F
shows pictures of the EISA experimental process set up.

Characterization.
Catalyst structure was determined by several techniques including electron
microscopy, x-ray diffraction and nitrogen physisorption methods. The bulk elemental
composition of catalyst samples was determined using a Horiba JobinYvon ULTIMA 2
inductively couple plasma atomic emission spectrometer (ICP-AES). To dissolve the
samples, 0.1 g of calcined CZY oxides were mixed in a PFA vessel with 0.5 g of
ammonium sulfate ((NH4)2SO4), 10 ml of concentrated sulfuric acid (H2SO4) and 30 ml
of distilled water. The sample dissolution was carried out in a CEM Mars 5 Microwave
Accelerated Reaction System with microwave power range between 0 to 100% with
options of 300, 600 and 1200 W. The microwave digestion protocol consisted of 5
heating stages, where the samples were heated to progressively lower digestion
temperatures of 230, 200, 180, 130 and 120 °C over the course of five hours, with each
sample maintained for 1 hour at each of the specified temperatures. All microwave
heating stages were performed at 600 W and 100% power. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) of as-synthesized (i.e., dried but not
calcined) CZY samples were carried out using a SDT Q600 Simultaneous DSC/TGA
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analyzer, and the results used to evaluate the thermal stability and optimal calcination
temperature for the samples.
Nitrogen adsorption and desorption isotherms at 77 K were measured using a
Micromeritics ASAP 2020 system after the samples were outgassed at 473 K overnight.
The sorption data were analyzed using the Barret-Joyner-Halenda (BJH) model to obtain
the pore size distribution and with the Brunauer-Emmet-Teller (BET) model for surface
area. Phase characterization was performed by powder X-ray diffraction (PXRD) using a
Scintag XDS Model 2000 diffractometer and a Rigaku Ultima IV X-ray diffractometer
with Cu Kα radiation (λ = 1.5406 Å) and Ni filter, operated at 30 kV-20 mA and 40 kV44 mA, respectively. Small–angle X-ray diffraction (SAXD) patterns were obtained with
the Rigaku Ultima IV X-ray diffractometer and used to show the presence of ordered
mesopores in the samples.
The transmission electron microscopy (TEM) studies were carried out on a Hitachi
H9500 TEM, a Hitachi H7600 TEM and on a Hitachi HD 2000 STEM at 300, 120 and
200 kV, respectively, to determine the morphology and pore sizes for the samples.

Results
Characterization of Materials
Mesoporous CZY samples were obtained via classical sol-gel techniques as well as
evaporation induced self-assembly processes. Commercial block copolymers and
inexpensive salts were chosen as starting materials, so as to evaluate synthesis techniques
that are more commercially viable. The mixture of ceria, zirconia and yttria used during
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material synthesis is representative of the composition of three-way catalyst supports that
are commonly used for automotive exhaust emissions control applications.
Elemental composition studies using ICP-AES were carried out in order to determine
if the proportions of oxides included during synthesis were unchanged after all synthesis
and calcination processes. This is important because prior studies have shown that
catalytic converter performance can be significantly enhanced using specific ratios of
ceria, zirconia, and yttria oxides as catalyst supports.68-70 The results are shown in Table
4.1. These and other composition data indicate that all three metals are well incorporated
into the final oxide structures in the proportions used during their respective synthesis.
Table 4.1. Elemental composition of representative CZY synthesis mixtures and calcined
products.

Sample

ZrO2 (mol%)* YO1.5 (mol%)* CeO2 (mol%)*

Starting Sol Gel Mixture
35.30
Post-Calcination Classical
36.85
Sol-gel Sample
Starting EISA Mixture
45.00
Post-Calcination EISA
43.25
Sample
* Elemental composition error is ± 0.5 mol%.

5.88

58.82

5.86

57.30

5.00

50.00

5.55

51.24

From earlier studies, it is well known that the overly aggressive calcination of
organically templated CZY oxides can lead to the precipitous collapse of their pore
structure65. This collapse can be induced by high temperature (>600 °C) calcination
processes as well as the local generation of hot spots via the rapid oxidation of occluded
organics (template). The former can be mitigated by limiting the upper temperature to
which the sample is exposed, while the latter is avoided by reducing the calcination
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heating rate to an appropriate level. To identify the minimum temperature that can be
used to completely remove the organic structure directing agent via calcination in air,
thermogravimetric (TGA) studies, see Fig. 4.1, were conducted on non-calcined
calcined samples
synthesized by both sol-gel
gel and EISA techniques. For the classical sol
sol-gel
gel synthesized
sample, the amount of organic template incorporated during synthesis is much less than
in the case of EISA samples even though the amount of template used for sol-gel
sol
synthesis was twice the quantity used for EISA synthesis. This can be explained by the
fact that sol-gel samples
es go through washing and filtration steps before drying and EISA
samples do not. For materials synthesized by both methods, oxidation of the organic
template begins at approximately 190 °C and is completed at around 350 °C, which
confirms that 400 °C is a reasonable calcination temperature for these materials.

Figure 4.1.. Thermogravimetric analysis of CZY samples synthesized using sol-gel
sol
and
EISA methods (in air at a heating rate of 1 °C/min).
Differential scanning calorimetr
calorimetry
y (DSC) was used to identify heating rates and
temperatures that might lead to the local generation of hot spots that are capable of
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collapsing the mesoporous CZY oxide pore structure. It should also be recognized that
the upper allowable heating rate is a function of the organic loading of the starting CZY
material, with higher loadings demanding lower calcination heating rates. The DSC and
TGA curves of the classical sol-gel synthesized CZY materials at different template
concentrations are shown in supporting information. Two different calcination protocols
were compared in order to decide if the heating rate had any effect on the final calcined
structure. Heating rates of 1 and 20 °C/min were tested but the latter showed incomplete
template removal at 400 °C. Moreover, TEM images showed samples calcined at 20
°C/min had structurally collapsed. Thus, calcination heating rates of 1 °C/min were
always used.
The nitrogen adsorption/desorption isotherms and the Barret-Joyner-Halenda (BJH)
pore size distribution for classical sol-gel and EISA synthesized CZY oxides are shown
in Figure 4.2. Both samples exhibit the same isotherm and pore size distribution shapes.
The hysteresis loops shown in the plots resemble that of a type IV isotherm, indicating
the presence of mesopores. The pore size distribution (inset) is unimodal for both
materials with an average pore size of 6.2 ± 0.5 nm and 4 ± 0.5 nm for classical sol-gel
and EISA samples, respectively. Likewise, the BET surface area is similar for both
materials, with the classical sol-gel and EISA materials having calculated surface areas of
96 ± 5 m2/g and 105 ± 5 m2/g, respectively. These results demonstrate that samples
synthesized by both techniques have high surface areas, large pore volumes and narrow
pore size distributions.
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Figure 4.2. N2 adsorption-desorption isotherms and BJH pore size distribution (inset) for
(a) classical sol-gel and (b) EISA synthesized CZY materials.
It was observed that the BET surface area for the CZY materials synthesized using
sol-gel technique A increased with P123 composition. The original molar ratios were
10CeO2:6ZrO2:1YO1.5:1P123 and were varied from a P123 molar ratio of 0.1 to a ratio of
10. For materials prepared using this range of P123 concentrations, the BET surface area
of samples increased from 92 to 165 m2/g, respectively. Likewise, the average BJH pore
diameter of samples increased from 5.2 to 17.9 nm. Thus, the presence of larger amounts
of block copolymer in the synthesis sol-gel leads to increases in the observed pore size of
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calcined samples, indicating that the P123 template is incorporated in the as-synthesized
CZY solid in proportion to its concentration in solution.
Powder X-ray diffraction (PXD) was used to ascertain the presence of ordered pores
as well as the type(s) and size(s) of crystalline domains within calcined CZY samples.
Example wide-angle powder x-ray diffractograms for calcined CZY materials prepared
using classical sol-gel and EISA syntheses are shown in Figure 3. The wide-angle XRD
patterns for all materials were similar showing well-resolved broad peaks similar to those
observed with a reference ceria material, indicating that the crystalline domains within
the samples exhibit the same cubic structure as ceria71.
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Figure 4.3 Wide-angle powder X-ray diffractogram of representative CZY mixed oxides
prepared via classical sol-gel (b) and EISA (a) methods.
The line broadening in the XRD patterns indicates that the powders consist of
nanocrystalline oxide domains. Additionally, the absence of split ends at the peaks
suggests that no phase segregation occurred, which indicates that the final product is a
homogeneous framework consisting of well dispersed crystalline domains that are crosslinked by oxides that are likely of similar composition. The size of the observed
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crystalline domains was between 4.3 and 5.6 nm as calculated by the Scherrer equation,
using the diffraction peak centered near a 2θ angle of 29°.
The concentration of P123 in the initial sol-gel did not appear to play a role in the
type of oxide phase formed in classical sol-gel synthesized samples, as the PXD patterns
are similar for all P123 concentrations tested. However, the size of the oxide crystallites
tends to decrease as the concentration of the template was increased. This result agrees
quite well with the trends observed in the BET surface area analysis, where higher
surface area and pore volume suggest that smaller crystallites are forming on the
periphery of the larger P123 aggregates during synthesis via classical sol-gel methods.
The small angle XRD patterns for samples synthesized by techniques A and B are
shown in Figure 4.4. The XRD pattern for samples prepared by the classical sol-gel (A)
technique did not reveal any low angle peaks between 1° and 2°, whereas the EISA
synthesized samples showed a clear peak at 1.1°. The presence of reflections at small
angles suggests that the EISA synthesized sample may consist of a highly regular or
ordered mesostructure throughout the material. Confirmation of such a structure was
achieved used TEM analysis. This is the first result that shows significant differences
between samples prepared by the differing sol-gel methods and is related to the ordering
of the mesopores. Using Bragg’s law, the low angle XRD peak in the EISA samples
corresponds to a mesopore diameter of 8 nm.
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Figure 4.4. Comparison of small-angle powder X-ray patterns for synthesized CZY
mixed oxides by (a) classical sol-gel and (b) EISA techniques.
In order to better understand the types of mesostructures present in the classical solgel and EISA derived samples, TEM images were collected for representative samples
and are shown in Figure 4.5. Numerous highly ordered pores with average pore size of 8
nm were observed for EISA synthesized samples calcined at 400 °C (Fig. 4.5b) versus an
agglomeration of nanosized particles exhibiting no order for the oxides synthesized by
the classical reaction-limited sol-gel technique and calcined both at 400 °C and 600 °C
(Fig. 4.5a).
High-resolution TEM (HRTEM) shows that the walls of the EISA derived samples
are highly crystalline with a lattice spacing of 0.298 nm (see Fig. 4.5c). HRTEM of the
classical sol-gel synthesized samples also exhibited regions of high crystallinity, though
those regions were more spherical in nature. Additionally, HRTEM analysis of EISA
samples showed that the ordered framework was lost if the materials was calcined at
higher temperatures (600 °C, Fig.4.5d). While mesopores are clearly observed for all
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samples, only the samples synthesized via the EISA method have well-ordered
mesopores, as predicted by low angle PXD.

Figure 4.5. TEM images of mesoporous CZY mixed oxides by (a) reaction-limited
classical sol-gel and (b) EISA methods; (c) HRTEM of EISA synthesized CZY (FFT
diffractogram inset) and (d) EISA derived CZY material after calcining at 600°C.

Synthesis-structure relationships for the EISA method
Given that the EISA synthesis method is a diffusion-limited process (as opposed to
the reaction-limited scheme observed with classical sol-gel methods), it is important to
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understand how experimental variables may influence the diffusion phenomena that
directly impact final catalyst structure. For these studies, different sample containers
were used during the evaporation process with the purpose of having different
evaporative surface areas and solution levels so as to allow ethanol evaporation rates to
differ as well as to vary the influx of the hydrolyzing agent (water) to the system.
Certainly, the geometry and size of the evaporative container made an impact on the
results. TEM images for zirconia samples synthesized by EISA methods employing
reaction vessels of varying geometry are shown in Figure 4.6.

A

B

20 nm

20 nm

C

200 nm

Figure 4.6 TEM of calcined zirconia samples synthesized using EISA and evaporated in
cylindrical vessels of different dimensions: (a) 50ml capacity with a starting liquid level
of 25 ml (d= 4cm, h= 5 cm); (b) 15 ml capacity with starting level of 3 ml (d= 1.5 cm, h=
9 cm) and (c) 100 ml capacity with a starting liquid level of 1 ml (d = 9 cm, h = 1.6 cm).
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Samples evaporated in the 50 ml dish filled at half capacity (Fig. 6a) did not show
any order. This can be explained by the large surface area of the container, which
increased the evaporation rate, and the relatively high liquid depth that promoted large
concentration gradients through the sample. An important observation made during the
gelling process for samples in this size vessel was the appearance of a hard, oxide-rich
layer (or crust) on top of the evaporating solution. This crust consists of precipitated
oxides, which form a network that prevents the homogeneous evaporation of solvents
from the container, thereby, limiting the formation of ordered materials in the remainder
of the solution. It is possible that some of these samples did contain a small amount of
ordered mesoporous material, but no such material was observed by either low angle
PXD or HRTEM.
CZY oxide materials with ordered arrangements of mesopores were observed in
samples prepared in the test tube (6b) and Petri dish (6c). Samples evaporated in the test
tubes had a long aging stage since the small diameter of the container slowed the
evaporation of ethanol, often a week was required to completely evaporate all the
alcohol. However, they showed non-homogeneous results, the sample contained both
ordered and disordered arrangements of CZY oxides. This is a result of the large
concentration gradient through the sample, which varied over time. At the start of the
EISA process, the test tubes were fuller and the evaporation process was faster, but as the
solution level dropped the rate of ethanol evaporation and water infusion also decreased,
reducing the concentration of hydrolyzing species in the reactive sol-gel solution.
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On the other hand, thin samples prepared in Petri dishes proved to be more
homogeneous, yielding very ordered structures, so long as the relative humidity and
temperature were kept very steady at 40 °C and 50% RH, and the air flow across the
surface of the samples was low. For this purpose, samples were kept inside a specially
designed box, residing in a well-mixed convection oven, which allowed air to flow
slowly across the sample in one direction, keeping the sol-gel evaporation rates at a low
level (see Appendix F). If air was allowed to flow at high speed over the samples, the
evaporation process was accelerated resulting in disordered structures.

The rapid

evaporation of solvent caused by rapid air flow provides insufficient time for the
polymerizing oxide structures to diffuse and self-assemble around the existing micelles;
thus, larger bulk oxide particles are formed.
The ratio of precursors to template is another factor to consider in the synthesis of
these materials. It has to be finely tuned so as to ensure that the optimal number of
appropriately-sized micelles are formed during the synthesis process.

The optimal

template concentration is impacted by the choice of solvent, the chemical nature and
solubility of the templating agent, and the localized concentration of salts and
hydrolyzing agents. With the aim of tuning this quantity, different Pluronic
concentrations were tested for the classical sol-gel process. However, TEM images did
not indicate a significant change in morphology between these samples. Similar studies
have been previously done for the for the EISA process; therefore, the optimal template
concentrations identified in those studies was used for all EISA samples.53
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Discussion
Based on my experimental observations and the known chemical behavior of the
reagents that are used to prepare CZY materials, I present in Figure 4.7 a graphical
representation of the mechanistic pathways taken by classical sol-gel and EISA synthesis
methods for CZY and related oxide materials. It is important to note that the chemical
behavior depicted in Fig. 4.7 is derived from fast reacting metal salt precursors; thus,
slower reacting silica based reagents will not show the same tendency.

Figure 4.7. Synthesis of mesoporous CZY oxides by (1) classical sol-gel and (2) EISA
techniques. In the classical sol-gel synthesis, the precursors are in a closed system and
rapidly undergo hydrolysis and condensation without allowing sufficient time for the
ordering of oxide oligomers around self-organized micellar structures. On the contrary,
the EISA method employs an open system in which the reaction is limited by the rate at
which water diffuses from the atmosphere into the reaction solution. By significantly
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slowing the rate of reaction, the micelle structure is allowed sufficient time to selfassemble and oxide precursors allowed to diffuse and assemble around this framework
before becoming locked in place by the formation of cross-linking or network forming
oxide bonds.
The classical sol-gel (pathway 1) method involves all materials being mixed in an
ethanolic solution (50% vol.) at the start of the process and the mixture contained in a
closed vessel. The use of water in the sol-gel solution immediately transforms the CZY
precursor salts into highly reactive hydroxides. The hydrated metal salts associate with
water generating hydroxy ligated metals species and the respective acid (HCl or HNO3):
[M–OH2]z+→[M–OH] + H+ (Hydrolysis)
During this acidification process, template micelles are beginning to form and some
condensation is occurring as the hydroxides come in contact with one another. This
process is further accelerated by the addition of ammonium hydroxide, resulting in the
immediate generation of the oxides via condensation reactions:
M–OH + M–OH → M–OH–M–OH → M–O–M + H2O
With this classical sol-gel synthesis approach, it is the rate of metal hydroxy(oxide)
condensation that defines the final product morphology. Other reaction parameters like
temperature, water concentration, and the type of reaction vessel do not have a major
effect on the structure of the final material produced, making this process a reaction-

limited process. The lack of periodicity in the arrangements (Fig 4.5a) is caused by the
short time (minutes) in which the hydrolysis-condensation reactions occur, which provide
insufficient time for 1) the micelles to self-assemble into secondary structures and 2) the
oxide oligomer precursors to diffuse and self-assemble around the micellar array. The
specific micelle formation rate constants for block copolymers are scarce, especially
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since each experimental condition affects these rate constants greatly and even reported
values for the same block copolymer often differ significantly. I do not provide them as
for the best of my knowledge they have not been reported before for this specific system.
Once the basic hydrolyzing agent (ammonium hydroxide) is added to the sol-gel and
mixed throughout the solution, the base catalyzed condensation reactions occur rapidly
resulting in the immediate precipitation of agglomerated oxide particle that do not exhibit
long range order or the presence of an ordered pore structure. Due to the absence of oxide
precursor ordering, the classical sol-gel synthesis method yield random arrangements of
CZY oxides nanoparticles with mesopores resulting from the voids generated by the
removal of the Pluronic template from between the loosely connected oxide
nanoparticles. It is unclear at this point as to the full extent to which the presence of the
template controls or influences the size of the oxide nanoparticles formed, but initial
findings by our group using HRTEM suggest that higher template loadings lead to the
formation of oxides consisting of agglomerations of smaller oxide nanoparticles (i.e.,
higher template concentrations yield agglomerates of smaller oxide nanoparticles).
The classical sol-gel process generates particles and pores of the right size with large
surface area, good oxide incorporation, crystalline uniformity and thermal stability as the
results have shown but does not yield ordered mesostructures. In order to generate an
ordered oxide structure, one must limit or control the rate of metal hydrolysis so as to
allows time for the structure directing agent (SDA) to self-organize and also permits the
simultaneous condensation-polymerization process of the metal oxides to generate a
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robust ordered oxide network around the template. In this sense, a slow controlled
reaction/assembly process is necessary to create the material desired.
In contrast, evaporation induced self-assembly is an open system synthesis. The
starting solution, salts dissolved in alcohol, contains only water from the hydrated salts.
The water necessary for hydroxide formation and condensation is gradually available as it
diffuses into the reaction medium from the atmosphere. As a result, precursors are slowly
converting into hydroxides by reacting with water coming from the humidity of the
environment (set at 50%).This hydrolysis of zirconium oxide chloride and cerium and
yttrium nitrates provides an acidic environment and slows the oxide formation allowing
sufficient time for the self-arrangement of SDAs into micellar arrays. As the block
copolymers become micelles, these micelles start to form secondary structures; the
hydrolysis process continues and condensation occurs as hydroxides react with each other
forming metal oxides. Furthermore, these metal oxides will also associate with each other
allowing oxide polymerization. Again, the acidic environment generated by the
hydrolysis reaction slows down the cross-linking rate of the doped metal species making
their condensation-polymerization process occur at the same time. These oxides will
organize around the micelle arrangement as a result of the interactions between them.
Also the acidic environment is kept through the process and no base is added to
accelerate reactions as in classical sol-gel which makes this process of self-arrangement
happens slowly over the course of 24 to 48 hours in the EISA method, compared to
minutes in the case of classical sol-gel. This self-assembly process is responsible for the
final highly ordered mesostructure obtained by EISA and shown in figure 4.5b.
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For this method the use of chloride precursors is highly important. This can be
explained by taking a look at the reaction process:
[M+– Cl-]+ H2O → [M–OH] + HCl (↑)
The hydrolysis process for the metal chloride generates HCl that tends to evaporate.
The acidity of the solution changes and the equilibrium is forced ahead. At the same time,
water enters the system and more HCl is formed slowing the reaction rates again and the
process is repeated.
[M+– NO3-]+ H2O → [M–OH] + HNO3 (l )
Nitric acid on the other hand is not volatile and tends to stay in solution. More time is
required to get the same extent of reaction as HCl which makes it less effective for the
reaction process extending gelation time. It has been reported that for these oxides at least
one chloride precursor is necessary to obtain an ordered arrangement of pores whereas
using only nitrates as precursors will not generate ordered arrangements53.
The diffusion rates of water and ethanol into and out of solution during this
procedure are extremely important as they control the speed of the hydroxide formation
reaction and ultimately control the material’s morphology. Although water is directly
responsible for hydrolysis reactions, fast evaporation of ethanol accelerates the aging
process, possibly preventing the self-assembly of the SDAs.
Another issue is the homogeneity of the system as a fast evaporation rate induces a
large concentration gradient in the sample whereas a slow one will favor a more
homogeneous solution. The concentration gradient through the sample is promoted by the
evaporation at the solution-air interface due to which the transformation to the
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supramolecular arrangement first appears at the interface74.

Large concentration

gradients (CG) are likely to generate multiphase systems since the reagents do not have
the same chemical composition at both interfaces. In such a case, the top part of the film
tends to be ethanol deficient condensing prematurely and possibly trapping an
intermediate phase as a result of this poor mobility. This is explained by a too high local
rigidity and less time to permit rearrangement for fast systems. As a result, higher degree
of orientation is favored for lower evaporation rates. In my experience, there are
numerous cases were I find systems with ordered and disordered structures within the
same sample resulting from such a scenario (Fig. 4.6b).
This means EISA is actually a diffusion-limited process; hydrolysis and condensation
reactions do not occur immediately but are constrained by the diffusion of water into the
initial solution and the evaporation of ethanol from it which depends on temperature,
relative humidity (RH) and numerous other factors.
Near the end of the evaporation process, the micelle structure has been formed and
oxides have polymerized around it in a robust network. Temperature and relative
humidity are main factors that come into play at this stage as well, affecting the formation
of ordered structures (for this case, typical conditions for EISA of 40 °C and 50% RH
were adopted). Besides its importance as a water source for the hydrolysis reactions
during the synthesis process, humidity is especially important since it has been
demonstrated66 that the control of the final mesostructure is possible by allowing water to
reenter and depart the film (swelling and contracting of the hydrophilic network) during
the modulable steady state. The concept of a modulable steady state was introduced by
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Cagnol et al.66 and corresponds to the end of the drying line (all solvent has been
evaporated). At this point, too low or too high humidity can lead to disordered structures.
Finally, as the micellar structure has been formed and the oxide network has strengthened
around it, the last step is template removal. The block copolymer structure is calcined at
low heating rates (1 °C/min) to a maximum of 400 °C, since it has been shown that going
to higher temperatures (600 °C ; Fig 4.5d) or heating rates (20° C/min; not shown) results
in structure collapse. After calcination an ordered porous oxide network is obtained.

Conclusions
This chapter shows that a slow controlled reaction/assembly process is necessary to
create ordered CZY mesostructures since reducing the reaction rate allows time for the
SDA to self-organize and also permits the simultaneous condensation-polymerization
process of the metal oxides to generate a robust ordered oxide network.
Classical sol-gel and EISA techniques generated materials with very good properties
but the creation of an ordered structure proved to be difficult. For classical sol-gel the
reaction rate defined the final product morphology since the short time at which the
reactions occur do not allow enough time for the micelles self-assembly into secondary
structures. In contrast, evaporation induced self-assembly is a diffusion-limited process
where hydrolysis and condensation reactions do not occur immediately but are
constrained by the diffusion of water into the initial solution and the evaporation of
ethanol from it which depends on temperature, relative humidity and numerous other
factors. The acidic environment generated by the hydrolysis reaction slows down the
cross-linking rate of the metal species making their condensation-polymerization process
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occur at the same time as micelles self-assembly into supramolecular structures to
provide the final ordered framework.
Another issue to take into consideration for EISA was the control of the diffusion
rates of water and ethanol. Although water is directly responsible for hydrolysis
reactions, fast evaporation of ethanol accelerates the aging process possibly preventing
the self-assembly of the SDAs and also might create non-homogeneous multiphase
systems where ordered and disordered structures appear in the same sample.
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CHAPTER FIVE
SIMULATION OF SOLVENT/WATER DIFFUSION FOR THE CONTROLLED
SYNTHESIS OF ORDERED MESOPOROUS ZIRCONIA AND CERIA-ZIRCONIAYTTRIA MESOSTRUCTURES VIA EISA

Abstract
The present study reports on the relationship between the appearance of ordered
structures and the diffusion rates of solvent and water during the synthesis of ordered
mesostructured zirconia and CZY materials via evaporation induced self-assembly
(EISA) using Pluronic triblock copolymer F127 as the structure directing agent (SDA).
This chapter has two main parts: an experimental sections, which describe efforts to
ascertain the mass transfer behavior of the CZY based EISA synthesis gel under varying
reaction conditions; and a simulation section, where the experimental behavior of the
EISA synthesis gel was modeled using a simplified model of the system.
To better understand how ordered mesoporous CZY materials are formed by the
EISA technique, a simplified water-ethanol evaporation model was developed to mimic
some of the key mass transport phenomena. This model treats the cylindrical system as a
moving boundary mass transport problem, as the EISA gel is in open vessel undergoing
evaporation and absorption. Previous reported syntheses of ordered zirconia based
materials19,

25

failed to examine how the rate of diffusion of ethanol and water during

aging affects the ability of these systems to form an ordered product. Other simulations
for aerosol EISA systems41, 42 have dealt with the ethanol-water behavior by modeling
droplets undergoing evaporation. Though the essential EISA phenomena are identical for
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spherical droplets and a cylindrical system (with a single axial surface open for
transport), the asymmetrical nature of the cylindrical system can significantly impact the
degree of uniformity of the resulting oxide materials.

The extent of sample non-

uniformity is of great significance to large scale catalyst synthesis schemes that employ
moving particle conveyors to age, react, and calcine CZY materials that may be prepared
by EISA techniques.
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Introduction
Controlling the rate of metal oxide condensation is essential to the creation of ordered
mesoporous oxides via sol-gel type processes. With evaporation induced self-assembly
(EISA), the rate of oxide condensation is controlled by the rate of addition of the
hydrolyzing agent (water – via absorption) and the rate at which the sol-gel solvent is
evaporated. A better understanding of these aspects is needed to design zirconia and
ceria-zirconia-yttria (CZY) materials with the desired morphology in a reproducible
manner. This chapter focuses on the evaporation or aging process in the synthesis of
zirconia and CZY mesoporous oxides via EISA as this phenomenon is a key aspect in the
creation of ordered mesostructures as shown in Chapter 4. The following section will
describe the EISA technique and the primary variables that influence the outcome of a
given mesoporous oxide synthesis so that the importance of this study is better
understood.

Evaporation induced self-assembly
“Self-assembly is the spontaneous organization of materials through non-covalent
interactions with no external intervention”.1 The evaporation induced self-assembly
(EISA) process starts with a homogeneous solution of precursors and template in a
volatile solvent and sometimes water. The template choice is typically asymmetric
molecules that are pre-programmed to organize into well-defined supramolecular
assemblies (e.g., amphiphilic surfactant molecules or polymers composed of hydrophobic
and hydrophilic parts).
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The initial solution is exposed to a well-controlled set of conditions so that
evaporation of the solvent can take place and the assembly of the oxide structures can
begin. As evaporation takes place, the solution reaches its “critical micelle concentration”
(cmc). At this point, micelles start to form larger secondary structures. Evaporation
continues until all of the solvent is evaporated at the conditions for the experiment. When
the solvent is nearly all evaporated, the system conditions are such that the metal oxide
precursors are still somewhat mobile and the system is said to be at a “modulable steadystate”. This is very important in EISA as the secondary structures (e.g., mesoporous
structures) formed earlier become locked in place via the increased formation of rigid
oxide structures. This process is illustrated in Figure 5.1.

SOLVENT EVAPORATION

Figure 5.1. Evaporation process during EISA synthesis.
EISA is a relatively simple synthesis technique, comparable to other techniques for
mesoporous materials. It has yielded more uniform mesoporous materials for siliceous
and non-siliceous systems compared with traditional sol-gel approaches as seen in
Chapter 4. The systems investigated in this study of the EISA synthesis method include
zirconia, ceria-zirconia and yttria-zirconia.
Inorganic precursors have been used to synthesize all three ceria, zirconia and yttria
mesoporous oxides2-11 and their combinations3, 5, 12-21. Some relatively recent studies have
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successfully shown the creation of ordered materials.

12, 13, 17, 18, 22-24

However, designing

the self-assembly of zirconium oxide or CZY nanoparticles with controllable pore
structure using surfactant templating pathways is still a challenge.25

Considerations for the creation of ordered mesostructures via EISA
The focus of this work is on the effects of synthesis conditions on the morphology of
zirconia and CZY samples prepared via the evaporation induced self-assembly method.
For this technique, the nature of the final oxide structure is influenced by three factors:
the metal oxide precursor to template ratio, the chemical nature of the inorganic precursor
and the relative humidity (RH).26 For this study, all three of these factors were studied in
detail, with some of the initial parameters being adopted from the literature (e.g. 40 °C
and 50% RH).
Furthermore, soft templates, such as triblock copolymers or surfactants, which form
the self-aggregated superstructures in solution phase, play a strategic role in directing the
formation of organized porous structures.25 In the EISA method, the evaporation of the
solvent promotes progressive increases in the concentration of non-volatile species,
which in turn causes surfactant micelle formation and their self-assembly with inorganic
moieties (precursors) present in the synthesis solution. For a given solution, the
evaporation rate of solvent (often ethanol) and absorption rate of the metal precursor
hydrolyzing agent (water) are functions of the sol film thickness, external RH, vapor
pressure of ethanol, temperature and the diffusivity of volatile species (viscosity).27
Another consideration is the surface of the evaporating solution. Evaporation at the
film-air interface results in a concentration gradient through the film. Due to this gradient
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the transformation to the supramolecular arrangement first appears at the interface. A
phase transition can be hindered due to a high local viscosity.27 This is a common
occurrence, especially in thick samples (>0.01mm high) such as the ones studied in this
chapter.
This chapter provides insight into the diffusion processes of solvent, water, and
hydrochloric acid as well as the reactions that drive the synthesis of mesostructured
zirconia and CZY via evaporation induced self-assembly (EISA) for larger batch systems
(as compared to thin film systems). A simplified evaporation model has been developed,
treating the evaporation process as a moving boundary mass transport problem so as to
understand the phenomena causing the formation of oxide mesostructures. As previously
mentioned, prior reported syntheses of ordered zirconia based materials12,

18

failed to

examine how the rate of diffusion of ethanol and water during aging affects the ability of
these systems to form an ordered product. Other simulations for ethanol-water systems28,
29

have dealt with aerosol EISA by modeling droplets undergoing solvent evaporation.

The results of this simulation provide interesting insight into the evaporation process and
the interdependencies of the synthesis parameters and how they impact final oxide
material properties.

Experimental
Materials
Pluronic® F-127, zirconyl chloride octohydrate (ZrOCl2·8H2O) and yttrium nitrate
hexahydrate (Y(NO3)3·6H2O) were purchased from Sigma-Aldrich. Cerium nitrate
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hexahydrate (Ce(NO3)3·6H2O) and ethanol were obtained from Fisher and Alfa Aesar,
respectively. All chemicals were used as received without further purification.

Synthesis
Mesoporous zirconium oxide
The synthesis procedure for zirconia mesostructures is the same as that shown by
Yuan et al.12 and is not listed here for brevity.

Mesoporous CZY mixed oxides
In a typical synthesis, the structure directing agent, Pluronic F127, is added to 10 ml
of ethanol at room temperature. After at least 4 hours of vigorous stirring, a homogeneous
solution is obtained. Then, 0.5 g of zirconyl chloride, 0.066 g of yttrium nitrate and 0.749
g of cerium nitrate are added to the ethanol solution and the mixture stirred until all salts
are completely dissolved. The resulting solution is aged for 2 to 6 days at about 40 °C
and 50% RH in a Cincinnati Sub-Zero MicroClimate® humidity controlled oven until a
gel is formed as a result of solvent evaporation. The remaining product is dried at 100 °C
for 1 day and then calcined at 400 °C for 4 hours using a heating rate of 1 °C/min to
avoid any collapse of the mesostructure. The synthesis procedure is illustrated in Figure
5.2 and typical sol compositions for the synthesis of CZY materials via EISA are shown
in Table 5.1.
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Figure 5.2. Synthesis
thesis procedure for CZY supports using evaporation induced selfself
assembly.
All samples were prepared using the same procedure above, but the types of
containers during the evaporation process were varied to have different evaporative
surface areas and solution levels to allow ethanol evaporation rates to differ as well as to
vary the influx of the hydrolyzing agent (water) to the system. The impact of these
changes was evaluated by different characterization techniques of the resulting samples.
Table 5.1. Typical composition of P123 templated CZY mixed oxides using a molar ratio
of 0.1 for the block copolymer.

ZrOCl2.8H2O (ZrO2)
Y(NO3)3.6H2O (Y1O1.5)
Ce(NO3)3.6H2O (CeO2)
F127
Ethanol

Oxide Molar Ratio

Scaled Salt Wt (g)

9
1
10

0.5
0.066
0.749
1.086
10 ml
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Characterization
The samples were characterized using nitrogen physisorption (BET model for surface
area and BJH model for pore size distribution), small-angle X-ray diffraction (SAXRD),
transmission electron microscopy (TEM), differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). All conditions for analysis using these techniques are
explained in the characterization section of previous chapters.
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Simulation
EISA evaporation model
The following set of equations helps to define a simplified synthesis model, which
can quantitatively describe the evaporation induced self-assembly method that was used
to synthesize ordered zirconia and ceria-zirconia-yttria mesostructures. The model
described herein focuses solely on the mass transfer aspects of absorption and
evaporation because these processes have the greatest impact on the formation of ordered
mesoporous structures that are prepared via the EISA method. As the models developed
in this chapter are preliminary (and should be expanded in future studies), the effects of
metal species concentrations on solution behavior (salting out effects) and the loss of
water due to reactions with the metal precursors are only marginally addressed – i.e., the
system is initially modeled as a pure ethanol-water system. Even with these
simplifications, considerable insight can be gained about the optimal vessel design for the
formation of ordered mesoporous materials.
For this study, the EISA process is carried out in cylindrical containers. Thus, key
mass transport phenomena are defined using cylindrical coordinates as shown in Figure
5.3. All nomenclature for this chapter is presented in Appendix G. Species A refers to
water and B to ethanol.
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Figure 5.3. Diagram of cylindrical coordinates used for the model in this section.

Water diffusion into the solution (species A, liquid phase)
Component Molar Shell Balance for a Cylindrical System:
−

∂C
∂N A 1 ∂N A ∂N A &&
−
−
+ M A, gen = A,l
∂r r ∂ϕ
∂z
∂t

Assuming that water absorption into the solution is unidirectional in the z axis (i.e.,
an open top cylindrical vessel filled with the ethanol solution):
∂N A ∂N A
=
=0
∂r
∂ϕ
∴ −

∂C A , l
∂N A &&
+ M A, gen =
∂z
∂t

The diffusion of species A (water) through the gas into the liquid phase is a
unimolecular, unidirectional diffusion process, which contains stagnant ethanol (species
B), which can be described the relationship:
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N A = J A∗ + x A ( N A + N B ) , where NB= 0 since ethanol does not diffuse back into the

liquid phase significantly.
Rearranging variables,

N A (1 − xA ) = J A∗

Substitution of Fick’s law into the flux equation above yields:
NA =

− ρ mD AB ,l ∂x A
J A∗
=
(1 − x A ) (1 − x A ) ∂z

Further substitution of the diffusion flux equation into the general flux equation
derived earlier yields:

∂C A,l
∂  ρmD AB ,l ∂x A  &&

 + M A, gen =
∂z  (1 − x A ) ∂z 
∂t
At this point, one can assume that since the water is present only at low
concentrations then (1 − x A ) ≈ 1 . Thus, the above equation simplifies to:

∂C A,l
∂
∂x A  &&
 ρmD AB ,l
 + M A, gen =
∂z 
∂z 
∂t
The mass generation term can be expressed as:
i =n

&&
M
A, gen = rA = −∑ ki C ACmetali +
i =1

j = nf

∑kC
j

j = n +1

2
metaloxide j − n

This is a result of the homogeneous/heterogeneous reaction at the surface:
[M–OH2]z+→[M–OH](z-1)+ + H+ →[M=O](z-2)+ + 2H+ (hydrolysis)
M–OH + M–OH → M–OH–M–OH → M–O–M + H2O (condensation)
where M represents the metal ion.
Note: The term expressed here is just an approximation of the actual generation term.
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In order to solve this differential equation, I must define the boundary conditions at
the upper and lower boundaries of the system (see Figure 5.4).
o

T at x % RH
C H20 in air CC2H5OH in air
H2 O C2 H5 OH
Ci,g at z=h
Ci,l at z=hl

Ci,g at z=hl

Ci,l at z=0
h: Height of vessel
hl: Height of solution in the vessel
Ci & h are a function of time

Figure 5.4. Representation of vessel containing evaporating solution.
At t = 0:

x A,hl , 0 = 0

x A, 0 , 0 = 0

Because the extent of hydration of the metal precursors varies, this term will vary
somewhat and depends on the system being modeled, zirconia only or CZY. However, it
is likely to be very small.
At t > 0: x A,hl,t =

y A ϕA P
γ A PAsat

and N A, 0,t = 0

Water diffusion from the top of the vessel to the solution surface (species A,
vapor phase)
−

∂C
∂N A 1 ∂N A ∂N A &&
−
−
+ M A, gen = A,v
∂r r ∂ϕ
∂z
∂t
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Assuming water entering the system is unidirectional in the z axis:
∂N A ∂N A &&
=
= M A, gen = 0
∂r
∂ϕ
∴ −

∂N A ∂C A,v
=
∂z
∂t

The diffusion of water is a unimolecular, unidirectional diffusion process, which can
be described by the relationship:
N A = J A∗ + y A ( N A + N B ) , where NB yA= 0.
Rearranging variables,

N A (1 − y A ) = J A∗

Substitution of Fick’s law into the flux equation above yields:
NA =

− ρ mD AB ,v ∂y A
J A∗
=
(1 − y A ) (1 − y A ) ∂z

Further substitution of the diffusional flux equation into the general flux equation
derived earlier yields:
∂  ρ mD AB ,v ∂y A  ∂C A,v

=
∂z  (1 − y A ) ∂z 
∂t

The boundary conditions at the top of the vessel (z = h) and the liquid surface (z = hl)
are:

y A, h = y A, o

and

y A,hl =

x Aγ A PAsat
ϕAP

y A,o will be determined using the relative humidity (RH) value for the experiment.
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Ethanol evaporation from the solution (species B, vapor phase)
−

∂C
∂N B 1 ∂N B ∂N B &&
−
−
+ M B , gen = B ,v
∂r r ∂ϕ
∂z
∂t

Assuming ethanol leaving the system is unidirectional in the z axis:
∂N B ∂N B
&&
=
=M
B , gen = 0
∂r
∂ϕ
∴ −

∂N B ∂C B , v
=
∂z
∂t

The diffusion of species B (ethanol) from the liquid phase is a unimolecular,
unidirectional diffusion process, which can be described by the relationship:
N B = J B∗ + yB ( N A + N B ) , where NA yB= 0.

Rearranging variables,

N B (1 − y B ) = J B∗

Substitution of Fick’s law into the flux equation above yields:
NB =

− ρ mD AB ,v ∂y B
J B∗
=
(1 − yB ) (1 − yB ) ∂z

Further substitution of the diffusion flux equation into the general flux equation
derived earlier yields:

∂  ρ mD AB ,v ∂yB  ∂CB ,v

=
∂z  (1 − yB ) ∂z 
∂t
The boundary conditions at the top of the vessel (z = h) and the liquid surface (z = hl)
are:

yB , h = 0

and

yB ,hl

xBγ B PBsat
=
ϕB P
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These two boundary conditions are expected to be the same at t = 0 and t > 0 since
ethanol vapor is continually leaving the gas-phase through the vent.

Other model considerations
All activity coefficients describing the equilibrium between vapor and liquid phases
will be expressed using the non-random two-liquid (NRTL) model, which is based on a
local mole fraction concept developed by Renon and Prausnitz30. The density of the
ethanol–water solution is calculated as a function of temperature and the ethanol weight
fraction. The Vignes31 relation is used to determine the binary diffusion coefficients in
the liquid phase at finite concentrations, also, the correlation developed by Chapman and
Enskog32 is used to estimate diffusion coefficients for gas phase systems at moderate
temperatures and pressures. These detailed models and equations are shown in Appendix
H.
The mass transport equations described above are somewhat simplified, as several
thermodynamic phenomena (salt effects on volatility, etc.) are ignored. Heat transport
equations and boundary conditions are not shown here but are necessary to solve the
system of transport equations and are considered in the model. Moreover, to simulate the
system and apply the above equations, some considerations are necessary.
First, since it is an evaporation process the level and concentration of components in
the system changes over time. To consider this, time-dependent moving boundaries are
necessary. Second, it is important to take into account that all physical properties are
interconnected and change with both time and location. Third, chemical reactions are

taking place so component transformations must be modeled. Finally, the quick
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appearance of a network of oxides in the surface due to surface water availability can
cause the appearance of ordered-disordered mesopores systems. However, the impact of
these latter phenomena on variations in diffusion properties was not included in the
model.
The system of transport equations was solved using COMSOL Multiphysics®
modeling and simulation software using a moving boundary finite difference method.
The system was divided into a large number of control elements (grids, infinitesimal in
size) that include surrounding air as shown in Figure 5.5.

HL+HV Top of vapor control elements

z
HL+H

Top of vessel

VAPOR
HL+1
HL
HL-1
HL - 2

h
LIQUID

.
.
.
1

Interface region

Bottom of vessel

r

Figure 5.5. Control elements or grids of infinitesimal size used to solve the evaporation
model.
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Experimental Results and Discussion
Given that the EISA synthesis method is a diffusion-limited process (as explained in
Chapter 4), it is important to understand how experimental variables may influence the
diffusion phenomena that directly impact final catalyst structure. For these studies,
different cylindrical containers were used during the evaporation process with the
purpose of having different evaporative surface areas and solution levels so as to allow
ethanol evaporation rates to differ as well as to vary the influx of the hydrolyzing agent
(water) to the system. Certainly, the geometry and size of the evaporative container made
an impact on the results.
One of the most important steps for the synthesis of mesoporous materials with
ordered networks is the formation of micelle structures around which the oxides will be
deposited during precipitation. Previous efforts by our research group have suggested that
the ordering of the mesopores has been affected by fast oxide precipitation hindering
micelle formation, which results in the formation of disordered structures. Thus for the
EISA process, increasing evaporation times by decreasing the surface area exposed to the
environment during the synthesis of these mesostructures can raise the possibility of
creating ordered oxide mesostructures by allowing sufficient time for the formation of
consolidated micellar structures.

Zirconia Observations and Experimental Results
Table 5.2 summarizes the characterization results for mesoporous zirconia
synthesized using three types of cylindrical containers for the EISA process with different
diameters (8 cm, 5 cm & 1.5 cm). Besides the evaporative surface area changes,
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containers were filled at different levels (highest level shown here is the full level of the
respective vessel) so water diffusion into the system also varies. Pictures before, during
and at the end of the evaporation process for the vessels in the table below are shown in
Appendix I.
Table 5.2. Characterization Results for Zirconia Samples Synthesized Using EISA in
Three Different Types of Containers.
Sample

Time starts BET S.A** BJH pore
*
(m2/g)
size** (nm)
gelling (h)

SAXD
peaks (1)

TEM
(1)

(2)

10 ml dish

1

71

5.4

0.4; 1

N.O

O.

25 ml dish

2

72

6.2

0.2; 0.4

N.O

O.

50 ml dish

2

59

6.0

0.5

N.O

N.O

10 m cru.

2

48

4.5

0.5, 0.7

N.O

O. / N. O.

25 ml cru.

2.5

33

3.5

0.2, 0.3

N.O

N. O.

50 ml cru.

2.5

38

4.0

0.2,0.3

N.O

O. / N. O.

3 ml tube

48-72

16

3.8, 40

0.2, 0.4

O

N. O.

6 ml tube

> 120

36

3.5, 17.5

0.2,0.4

N.O

N. O.

9 ml tube

> 120

41

3.7, 18.1

0.2,0.4

N.O

N. O.

12 ml tube

> 120

38

3.8, 18.5

0.4

N.O

N. O.

15 ml tube

> 120

25

3.6, 17.8

0.2, 0.4

N.O

N. O.

•
•
•
•
•
•
•
•

N.O.: Not Ordered O.: Ordered cru.: crucible Container type is color coded.
(1) refers to the first sample prepared (2) is an exact sample reproduction under the same conditions.
All characterization data corresponds to sample (1)
Diameter evap. dish = 8 cm, diameter crucible= 5 cm, diameter tube=1.5 cm.
The volume listed before the name of the container refers to the initial liquid level in the vessel.
Gelling under fixed RH at 50% and Temperature 40 °C for a period of 48 hours.
All samples were dried after a 48 h waiting period.
The error margin for the surface area is ±5 m2/g and for the pore diameter, ±0.5 nm
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Not surprisingly the containers with the smaller surface area took the longest to gel
during evaporation. The test tubes solution evaporated very slowly compared to other
samples.
The BET surface area and BJH pore diameter for the different zirconia samples
varied for each sample synthesized in a different container. The BET surface area
decreases for samples synthesized in containers with a smaller evaporative surface area
but there is no particular trend for samples synthesized within the same type of container
for different levels of starting solution. In general, the surface area and pore size for the
samples synthesized using larger diameter vessels is larger than for the ones synthesized
in other containers. It appears to be beneficial to have a larger evaporative surface area
that decreases the gelling time and lets the hydrolyzing agent easily diffuse to the solution
to obtain a higher BET surface area.
The TEM images of some of the calcined samples are shown in Figure 5.6. The
existence of mesopores is clearly observed but the mesopores are ordered only for the test
tube filled at the lowest level at the beginning. All other samples look like an
agglomeration of nanosized particles with no particular order like the sample on the left
differing from the morphology of the MCM-41 and SBA-15 type family of materials.
By repeating the same experiment, it was found that structures were not reproducible
and ordered arrangements were found for samples synthesized in the larger diameter
vessels. This might indicate that samples were either not reproducible between
experiments or consisted of ordered and disordered pore arrangements within themselves.
Small angle XRD patterns showed peaks in the low angle region which suggest the
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presence of ordered pores. However those peaks correspond to a larger size pore than the
ones I are interested in seeing. SAXD did not reveal any low angle peaks between 1° and
2° for any of the materials indicating the lack of long range ordered mesostructures in the
different samples corroborating TEM results. For the case of the sample that appeared
ordered this might indicate that it had ordered and disordered areas within itself.

Figure 5.6 TEM of calcined zirconia samples synthesized using EISA. Left: sample
evaporated in a dish (d=8cm) with starting level of 25 ml. Right: sample evaporated in a
test tube (d=1.5 cm) with the lowest starting level (3ml).
The existence of systems with ordered and disordered structures within the same
sample might be explained by the existence of a large concentration gradient during
synthesis induced by a fast evaporation rate. The rate of evaporation is very important
since a fast evaporation rate induces a large concentration gradient (CG), whereas a slow
evaporation rate will favor a more homogeneous solution. The concentration gradient
through the sample is promoted by evaporation at the solution-air interface, which
explains why the presence of phase separated oxide type structures first appears at the
interface27.
Large concentration gradients (CG) are likely to generate multiphase systems because
the reagents do not have the same chemical composition at both interfaces. In such a
case, the top part of the film tends to be ethanol deficient, causing premature oxide
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condensation and possibly trapping an intermediate phase as a result of this poor
mobility. This is explained by the local rigidity of the oxide structure being too high and
for fast systems, a decreased time for oxide precursor rearrangement.27 As a result, a
higher degree of orientation is favored for lower evaporation rates.
For systems that resulted in only disordered CZY mesostructures, it is unlikely that an
ordered assembly process occurred during the synthesis process, yielding random
arrangements of bonded oxide nanoparticles with mesopores resulting from the voids
generated by the removal of Pluronic template from between the oxides particles. The
lack of structure periodicity in the CZY oxides likely results from the rapid condensation
of the oxides, which occurred at a rate to fast for the template micelles to self-assemble
into ordered (honeycomb type) tertiary structures.
In order to evaluate the evaporation rates of the synthesized samples, weight loss
and/or volume loss for the samples was recorded over time during the EISA aging step.
These results are shown in Figure 5.7.

Figure 5.7. Zirconia solution evaporation rates expressed in sample weight over time for
the larger diameter cylindrical vessels (left) and in volume over time for the smaller
diameter vessels or tubes (right).
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From the data shown in Figure 5.7, it is observed that the liquid from samples
synthesized in the larger diameter cylindrical vessels was fully evaporated in the first 3 h
of the 48 h aging period, much faster than the samples in the smaller diameter test tubes.
In general, the rate of fluid loss from the tube was much more uniform over time.. In light
of the last assessment, one might have expected that the samples synthesized in the
smaller diameter vessels, with subsequently slower rates of evaporation, would have an
ordered arrangement of mesopores, as the greater time was available for the micelles to
self-assemble. However, only one of these samples ever showed (Via PXD analysis)
some extended ordering of pores.
One of the likely reasons that CZY samples prepared in small diameter test tubes did
not show ordered mesostructures was the fact that calcination and characterization was
done to all samples after evaporating for 48 hours, which did not give enough time for all
the samples to gel (only the one that was ordered gelled completely). This means that the
oxides had not precipitated yet and were forced to do so during the drying/calcination
step. Additionally, homogeneity is another factor that comes into play. For the vessels
with the smallest diameter, large concentration gradients were predicted; thus, increasing
the probability of multiphase systems (ordered/disordered pore structures).
Another important observation made during the gelling process is the appearance of a
hard oxide rich layer (or crust) on top of the evaporating solution as shown in Figure 5.8.
This crust is basically precipitated oxides forming a network that prevents the
homogeneous evaporation of solvents from the container, thereby limiting the formation
of ordered materials in the remainder of the solution. This fast precipitation of CZY
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oxides at the liquid-air interface is not surprising, as the oxide precursor solution surface
is predictably enriched in the hydrolyzing agents (water), which promotes oxide forming
hydrolysis reactions at the solution surface. This crust might also be responsible for the
lack of ordered mesopores in some CZY samples.

Figure 5.8. A CZY precursor solution evaporating in a vessel with (left) an oxide network
crust appearing on the top of the solution as a result of ethanol (solvent) evaporation
being slow relative to water absorption; whereas, more equal rates of water absorption
and solvent evaporation lead to the formation of an ordered oxide precursor gel (right).
In addition, temperature and relative humidity are two of the main factors that affect
the formation of ordered structures. The effects of humidity can be better understood by
analyzing Figure 5.9. The plot shows how relative humidity alters the modulable steady
state period (oxide growth period). The concept of a modulable steady state was
introduced by Cagnol et al.33 and corresponds to the end of the drying line (all solvent has
been evaporated). Previous studies for systems similar to ours have found that a 50% RH
is the most appropriate balance of conditions to obtain ordered mesostructures.12, 17
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Figure 5.9. Evolution of water content in the film (estimated from Karl Fisher titration
from 0 to 1 min, and measured by FTIR ellipsometry after 2 min) over time from the
deposition (0s) to 1 month after deposition at three different RH. Reprinted with
permission from ref26. Copyright © John Wiley & Sons, Inc.
As illustrated in Figure 5.10 (taken from26), water is not only essential for hydrolysis
reactions during the synthesis process, it has been demonstrated30 that control of the final
mesostructure is possible by allowing water to reenter and depart the film (swelling and
contracting of the hydrophilic network) during the modulable steady state phase of the
synthesis process, which is the final structuration period for the sample. At this point, too
low or too high a humidity level can lead to disordered structures. In this case, the
existence of an oxide crust layer can hinder these essential water transport processes and
prevent a homogeneous structuration process.
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Figure 5.10. Mesostructured thin-film formation by dip-coating. Step 1: the isotropic
initial sol where the condensation is optimally slowed down. Step 2: the evaporation
proceeds and micelles start to form above the CMC. Step 3: the evaporation is complete;
the film equilibrates with its environment (MSS) and the final mesostructure is selected
by adjusting the RH before further inorganic condensation. Step 4: the inorganic network
is condensed; the hybrid mesostructure is stabilized. Reprinted with permission from
ref26. Copyright © John Wiley & Sons, Inc.
As a result of these observations, it was necessary to come up with a synthesis
apparatus that will promote homogeneity during synthesis and low evaporation rates.
This experimental set up and its advantages will be discussed below.

CZY Experimental Results
CZY oxide synthesis using test tubes were conducted due to the issues already seen
with large evaporation area vessels for zirconia samples. Special attention was paid to the
gelling process including concentration gradients and the hard oxide rich layer
appearance during EISA. Table 5.3 summarizes the characterization results for ceria-
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zirconia-yttria samples synthesized using test tubes (d = 1.5 cm) filled at different levels
(highest level shown here is the full level of the respective vessel) during the EISA
process so that water diffusion into the system would vary as a function of the path length
between the vessel top and liquid surface.
Table 5.3. Physical properties of CZY samples synthesized using the EISA technique
with tubes of very fluid level.
3

Starting volume (cm )

22 (h=7cm)

Time gelling starts (h)

12 to 24

9.4 (h=3cm)

3.1 (h=1cm)

12 to 24

4 to 5

Small XRD peaks

0.18, 0.28

0.18, 0.28

0.18, 0.36

0.56,0.86

BET (m /g) surface areab

105

104

95

92

BJH (nm) pore sizeb

3.8

3.5

3.5

3.4

TEM (1)

Ordered

Not ordered

Not ordered

Not ordered

TEM (2)

Not ordered

Not ordered

Not ordered

Not ordered

2

a

15.7 (h=5 cm)
12 to 24

a

a. Liquid bottom underneath hard film on surface
b. The error margin for the surface area is ±5 m2/g and ±0.5 nm for the pore diameter
(1) refers to the first sample prepared, (2) is an exact sample reproduction under the same conditions.

For the case of CZY samples, it was observed that gelling started between 12 and 24
hours for all tubes. BET surface areas and BJH pore sizes were similar for all samples
regardless of their starting level. However the only sample that appeared to be ordered
was the one that contained more fluid initially.
Samples evaporated in the test tubes required a longer aging time as seen in Figure
5.11. This longer aging time was required because of reduced diffusion rates to/from the
vessel, which were the caused by the smaller diameter of the container. Often a week was
required to completely evaporate all the alcohol solvent. Further, they showed nonhomogeneous/inconsistent results – many samples contained both ordered and disordered
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arrangements of CZY oxides. This is a result of the large concentration gradient through
the sample, which varied over time. At the start of the EISA process, the test tubes were
fuller and the evaporation process was faster, but as the solution level dropped, the rate of
ethanol evaporation and water infusion also decreased, reducing the concentration of
hydrolyzing species in the reactive sol-gel solution.

1
Figure 5.11. CZY solution evaporation rates expressed in volume over time for the small
diameter vessels.
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Figure 5.12. CZY synthesized via EISA. (a) Small XRD diffractogram of sample h=1,
TEM images of sample (b) h=3 and (d) h=7. (c) BJH pore size distribution of h=5
These results for CZY oxides show that although evaporation rates were decreased,
homogeneity is still a large problem; it impedes a controlled evaporation process and
hinders the creation of ordered structures. Next section shows a solution for these issues.

Homogeneous ordered zirconia & CZY Samples
Previous experiments described in the sections above have shown some of the issues
that prevent the creation of homogeneous ordered mesostructures. Figure 5.13 (from
Chapter 4) will help explain the evaporation and diffusion processes seen experimentally
and precedes the discussion of how homogeneous ordered mesostructures are created.
The EISA process involves an open system. The starting solution consists of metal
precursors (salts or neutral metal complexes) dissolved in alcohol and only contains trace
amounts of water from the hydrated salts. The water necessary for hydroxide formation
and condensation is gradually available as it diffuses into the reaction medium from the
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atmosphere. As a result, metal precursors are slowly converted into hydroxides and later
oxides by reacting with water coming into the solution from the humidity of the heated
environment (set at 50% RH). The overall reaction for metal hydrolysis is:
[M–OH2]z+ (metal precursors in alcohol/water) → [M–OH](z-1)+ (metal hydroxide) + H+ (acid)

Figure 5.13. Evaporation induced self-assembly synthesis of mesoporous CZY oxides.
The evaporation process is especially important as the interchanges between the
environment and the sample determine the morphology of the resulting sample.

This process provides an acidic environment that slows the oxide formation allowing
sufficient time for the self-arrangement of SDAs into micellar arrays. As the block
copolymers become micelles, these micelles start to form other secondary and tertiary
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structures; the hydrolysis process continues and condensation occurs as hydroxides react
with each other forming metal oxides as shown in the reaction below.
M–OH + M–OH (metal hydroxides) → M–OH–M–OH → M–O–M (metal oxide) + H2O

Both evaporation and self-assembly processes happen simultaneously. Also,
depending on the initial template concentration, the evaporation of solvent can help the
template reach a critical concentration where micelles begin to form.

Ethanol

evaporation and water incorporation control the speed of the hydroxide formation
reaction and ultimately control the material’s morphology. As ethanol evaporates,
micelles start to form secondary structures and water diffusing from the environment
starts the hydrolysis process forming metal hydroxides. These metal hydroxides will form
metal oxides as they associate with each other allowing oxide polymerization.
Although water is directly responsible for hydrolysis reactions, fast evaporation of
ethanol accelerates the aging process, possibly preventing the self-assembly of the SDAs.
If solvent evaporation is too fast, micelles cannot self-assemble before the condensation
process has occurred, creating disordered arrangement of oxide pores. Also, as mentioned
previously, water should ideally diffuse homogeneously into the solution and not only the
surface layer of the solution, as surface reactions can create a barrier of oxides that hinder
the evaporation of the solution at the bottom of the vessel. Hydrochloric acid also
evaporates changing the pH of the solution and influencing the rate of reaction as an
acidic environment favors a slower reaction process. Specifically, dissolved HCl slows
the cross-linking rate of the doped metal species making their condensation-
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polymerization process occur at the same time. Thus, these oxides will organize around
the micelle arrangement as a result of the interactions between them.
All of the experimental conditions must be carefully controlled, which makes it more
difficult to exactly reproduce a specific synthesis condition. This is one of the challenges
to solve, as it was observed that the reproduction of zirconia and CZY samples has been
difficult to achieve, despite the relative humidity and temperature being held at specified
conditions via a humidity-controlled oven. Other conditions like air flow over the sample
are important and strongly influence solvent evaporation rates.
Ordered mesoporous CZY structures were synthesized but product uniformity within
a given sample and from batch to batch were recurring problems. Thus, it is important to
reduce concentration gradients (CGs) and reduce evaporation rates. In order to reduce
CGs, a glass cylindrical vessel (petri dish) with large evaporative area and small starting
solution height (d = 9 cm, h = 1.6 cm) were found to be optimal for uniform materials
synthesis. They had 100 ml capacity and a starting liquid volume of 1 ml. These vessels
reduced CGs and prevented the appearance of precipitated oxides barriers in the solution
surface as the starting solutions were thinner and evaporation was more homogeneous.
However, since the evaporative surface was larger, evaporation rates were larger as well.
To compensate for the increase in evaporative surface area, the air flow over the samples
was reduced significantly, which helped to reduce overall evaporation rates.
For this purpose, samples were kept inside a specially designed box, residing in the
well-mixed convection oven, which allowed air to flow slowly across the sample in one
direction, keeping the evaporation rates at a low level. If air was allowed to flow at high
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speed over the samples, the evaporation process was too rapid, resulting in disordered
d
structures.

The rapid evaporation of solvent caused by rapid air flow provides

insufficient time for the polymerizing oxide structures to diffuse and self-assemble
self
around the existing micelles; thus, larger bulk oxide particles are formed. This special
box and other EISA experimental features for thin cylindrical vessels are shown in Figure
5.14.. Further details are shown in Appendix F.

Figure 5.14. Box designed to decrease air flow (upper left); samples inside box in
convection humidity-controlled
controlled oven (upper right); thin petri dishes with solution during
EISA (bottom left) and sample at the end of evaporation process (b
(bottom
ottom right).
Analysis of the CZY products prepared using a range of conditions, showed that thin
t
samples prepared in cylindrical containers (petri dishes) routinely yielded the uniform
samples displaying highly-ordered
ordered mesoporous CZY structures.. The optimal
opti
relative
humidity and temperature were found to be 40 °C and 50% RH, and the air flow across
the surface of the samples was minimized.. TEM images of the obtained mesoporous
zirconia and CZY structures are shown in Figure 5.15.
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200 nm

50 nm

50 nm

200 nm

Figure 5.15. TEM images of zirconia and CZY (bottom right) samples synthesized via
EISA using thin cylindrical vessels and a special designed box during synthesis.
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Simulation Results
Simulations of the EISA synthesis process were done using COMSOL multiphysics
modeling and simulation software using a moving boundary finite difference method and
the equations modeled in the sections above. Figure 5.16 shows the concentration of
water diffusing into the surface of the evaporating liquid. The simulated container is 1 cm
tall, and it can be seen that there is rapid increase in water concentration at the beginning
of the experiments. These concentration gradients are still pronounced after 5000
seconds, but at this point in time water has finally reached the bottom of the vessel. It is
also shown that the height of the solution changes as a function of time. Note that the
liquid-vapor interface is located at the position where the water concentration approaches
a value of 1 mol/m3. These models help predict the rates of ethanol loss for different
synthesis vessel geometries and gas flow conditions. Further, the predicted concentration
profiles for water in the metal-alcohol mixture during the EISA process provide a clear
explanation of why syntheses attempted in vessels with significant fluid height yielded
non-homogeneous products – i.e., CZY product homogeneity is directed related to the
homogeneity of the synthesis solution and deep solutions are less homogeneous.
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Figure 5.16. Concentration of compound A (water) diffusing into the surface of an
evaporating liquid as function of distance from the air-liquid interface (x) at times
ranging from 0 to 5000 sec (legend). Profiles terminate at the upper surface of the liquid.
Since water availability allows the hydrolysis reaction, higher concentrations at the
surface can generate the already discussed hard oxide layer at the top of the solution. This
decreases sample homogeneity and greatly affects the controlled evaporation process. It
can be concluded from these simulations, that water CG are prominent, even for solution
depths of just 1cm tall (what I had considered to be thin samples). Thus, future efforts
should examine the use of even more shallow solution heights.
Figure 5.17 shows the concentration profiles for metal hydroxides as a function of
time formed from water diffusing into the evaporating solution using a simple first order
reaction. The phenomenon perceived in the last plot is seen again as hydroxides
concentrations being very inhomogeneous in the EISA synthesis solution.
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Figure 5.17. Concentration profiles of compound B (metal hydroxides) as a function of
time formed from compound A (water) by a first-order reaction.
Additional potential useful results from these simulations are

temperature and

concentration profiles, CG behavior at varying conditions, precipitation behavior (oxide
appearance) that can provide an extraordinary insight into how conditions couple together
to control final particle morphology and structure. To improve the predictive nature of
these modeling efforts, more detailed kinetic information is required for the water-metal
complex reactions as a function of pH (recall that the HCl concentration in the solution
changes over time and is known to affect metal hydroxide condensation rates).

Conclusions
Mesoporous ordered zirconia and CZY supports were synthesized from inorganic
salts using a block copolymer template via EISA. As observed in previous chapters,
water and ethanol diffusion rates during the aging process have a strong influence on the
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final morphology of samples playing a key role in the formation of mesoporous
structures.
Enhancements to pore ordering in oxide materials prepared by EISA were achieved
by decreasing the surface area for evaporation as a fast evaporation rate induces a large
concentration gradient (CG), whereas a slow evaporation rate favors a more
homogeneous solution. However, the results for these systems showed that multiple
phases were present, with ordered and disordered mesopores being appearing in
significant fractions of the sample. This resulted from a hard oxide layer formed in tall
containers that hindered the evaporation of the solution at the bottom of the vessel. It was
later shown that it was better to reduce the evaporation rate by limiting the air flow (air
velocity) over the sample with a special designed box and maintain a large evaporative
area so samples were as thin as possible and as a result more uniform. These experiments
provided insight into the critical parameters that enable the reproducible formation of
ordered mesopore structures via the EISA method.
The transport model developed for the EISA synthesis process describes the effect of
water concentration during the process, the evolution of composition, the time of
evaporation, and other parameters in the system that influence the formation of ordered
mesoporous structures. Additionally, it can potentially be used to predict composition,
precipitation and temperature profiles under varying aging conditions, which are difficult
to experimentally determine. This is very relevant as the code can ultimately help develop
new protocols for mesoporous material synthesis.
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CHAPTER SIX
DIFFUSIONAL PROPERTIES OF CERIA-ZIRCONIA-YTTRIA CATALYSTS
SUPPORTS WITH DIFFERING MESOPOROSITY

Abstract
The diffusional properties of n-hexane in mesoporous ceria-zirconia-yttria (CZY) mixed
oxides with differing pore size and morphologies are studied by the Zero Length Column
(ZLC) method. The diffusion coefficients for n-hexane in mesoporous CZY and MCM41 samples were calculated from desorption curves using a long-time range analysis
method, and these values were verified using an intermediate time analysis of the
desorption data. Results indicated that the diffusion rates for n-hexane were higher in
CZY materials with linear, ordered arrangements of mesopores as compared to CZY
systems of similar pore volume but having a disordered pore network.

Introduction
There are many reaction processes that use catalysts to enhance reaction rates, lower
reaction temperatures, or improve product selectivity. Heterogeneous catalysis is
presently the most common type of industrial reaction process and often involves the use
of active metal species supported on a thermally stable supports, such as porous oxides or
activated carbon.

These catalysts supports help to disperse the active metals, limit

catalyst losses, and in some cases are actively involved with the creation or stabilization
of reaction intermediates. Depending on the pore structure of the catalyst support, overall
reaction rates can be affected by the rates of mass transfer of species to and from the
active catalytic species located within the catalyst pore structure. Generally catalysts are
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considered to have certain simplified geometries, but in reality, the geometry of the pore
structure is much more complicated. Thus, a partly empirical approach is required to
study the mass transfer restrictions imposed by the pore structure of the catalyst. This is
most easily achieved by measuring the diffusion rates of reactive species or their
simulants in the support.
The various diffusion measuring techniques for porous solids may be classified as
microscopic or macroscopic with respect to the relevant diffusion paths, and they can also
be described as either equilibrium or non-equilibrium techniques.1 The techniques for
diffusion measurement referred to as macroscopic are the ones when the diffusion paths
covered by the molecules during the experiments are typically much larger than the
individual crystallites. For these cases, the diffusion through the entire crystals is studied.
In contrast, measuring techniques that are able to monitor molecular displacements or the
evolution of molecular concentration profiles over space scales smaller than the
crystallite diameters are referred to as microscopic techniques. Among them, the pulsed
field gradient (PFG) NMR technique has attained particular relevance, since with this
technique a number of inconsistencies in the results reported in the literature with other
techniques came to light.1
By the early 90’s most researchers studying diffusion in porous materials came to the
conclusion that only microscopically determined diffusivities were reliable and that
macroscopic methods where not in agreement with these measurements, and reflected the
kinetic limitations due to heat transfer, external film, bed effects and surface barriers.2
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However, more recently experts believe that macroscopic measurements can be reliable if
all considerations of the earlier difficulties are ensured.
Macroscopic techniques can be economically advantageous if done properly as they
do not require complicated and expensive measuring devices or cumbersome procedures.
The macroscopic diffusion behavior of gases in porous solids has been studied through
the direct measurement of diffusion rates of molecules through a sample (steady state
experiments) or from concentration measurements as a function of time at a given point
(unsteady state experiments). Among these macroscopic approaches, the Zero-LengthColumn (ZLC) method has proven to be very useful in measuring diffusivities in
microporous and mesoporous materials because it minimizes the effects of axial
dispersion, heat transfer and mass transfer resistance on the diffusion kinetics.
The ZLC technique was developed by Eic and Ruthven3 in 1988 to directly measure
transport diffusivities in porous adsorbent particles. The technique is relatively simple
and consists of measuring the rate of desorption of a select gas moiety from a previously
equilibrated sample. The sample is contained between two sintered discs in a very small
quantity, which eliminates mass and heat transfer effects. The adsorbate concentration is
very low and the carrier flow rate during desorption is high, which enables one to
measure transport limited diffusion behavior instead of equilibrium. Over the last decade,
this technique has been used to measure diffusion rates in microporous and macroporous
systems for a wide variety of gases and even liquids. The relevant parameters are
extracted using the long-time asymptote of the desorption curve3 or with a short-time
approximate method4.
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Among porous solid catalysts and catalysts supports, mesoporous materials have been
extensively studied over the last two decades because of their applications in catalysis,5-8
adsorption,9, 10 biomolecular separation,11, 12 and drug delivery13, 14. These materials have
achieved such widespread attention because of their unique properties, which include
high surface area, uniform pore size distribution, large pore volume and thermal stability.
Mesoporous ceria-zirconia-yttria (CZY) oxides are of particular importance due to the
varied chemistry of these transition metal oxides. They have been widely used in a
number of catalytic and electronic applications, the largest as catalyst supports for solid
oxide fuel cells15-18 and three-way catalysts (TWC) for automotive catalytic converters.1921

Our group has prepared CZY oxides using multiple synthesis approaches,22 which
have yielded materials with somewhat similar properties but different pore sizes and
morphologies. One of the biggest differences between the CZY materials prepared is the
existence of a well-ordered arrangement of mesopores for some of the soft template
synthesized oxides. It has been hypothesized that this ordered mesopore morphology has
advantages when it comes to catalytic performance. For example, the larger pore size as
compared to microporous supports readily facilitates the mass transport of bulky
molecules, and the linear pore channels offer few interferences for the diffusion of
molecules. Finally, the high surface areas exhibited by these materials, where a large
fraction of the surface is readily accessible to reactive species, allow for there to be a
uniform and highly dispersed distribution of active sites. Compared to other support
materials, ordered mesopores have the advantage of reducing sintering of catalysts by
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stabilizing metal particles since they cannot grow to sizes larger than the pore size unless
they move to the external surface of the particle.23 The well-organized pore topology is
also ideal for diffusion and equilibrium studies as they avoid pore-networking effects on
adsorption and transport.
To date, the most cost effective methods for preparing these mesoporous materials are
via techniques that employ endo-templates (i.e., soft templates, such as surfactants,
dendrimers, and block copolymers) and exo-templates (i.e., hard templates, such as
porous carbons and resins). The soft templating techniques generally involve sol-gel or
EISA methods, while the hard templates require no sol-gel chemistry to achieve the
desired templating effect.
Limited studies have been published on the effect of CZY pore morphology on
catalyst performance. Thus, this study examines diffusion effects related to CZY pore
morphology using the Zero Length Column (ZLC) method. The CZY supports studied
have been synthesized using a variety of templates: block copolymers, resins, activated
carbon and dendrimers. The results obtained from this study provide insight into the
diffusion phenomena occurring within the pores of the tested CZY catalyst samples and
will aid in the identification of an optimal catalyst support material.

The ZLC technique: Mathematical Model Summary
A detailed description of the mathematical basis for calculating diffusion rates from
desorption curves using the ZLC method are explained elsewhere

3, 24

and presented in

Appendix D for completeness. The general analysis is based on four main assumptions,
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as described by Qiao and Bathia25, presented in Chapter 2 and detailed below again for
convenience.
a. Gas hold up in the fluid phase is neglected.
b. The catalysts consists of uniform spherical particles, where adsorption
equilibrium is attained at the particle surface and very low partial pressures of the
sorbate ensure that Henry’s law applies.
c. The flow rate of inert purge gas is high, eliminating bulk mass and heat transfer
limitations.
d. The temperature in the system is uniform and constant.
The analytical ZLC solution26 that describes desorption from of a porous 3-dimensional
material with the above assumptions can be presented using the following set of
equations:

Deff
c (t ) ∞
2L
=∑ 2
.exp(− β n2 2 t )
co
R
n =1 β n + L ( L − 1)

(6-i)

0 = βn ⋅ cot βn + L − 1

(6-ii)

1F
R2
⋅
3 Vs K H Deff

(6-iii)

L=

where c is the concentration of sorbate in the fluid phase, L a dimensionless parameter
that introduces the flow rate to the set of equations and represents the ratio of the
diffusional time constant and the washout time for the solid phase, Deff is the effective
diffusion constant, β n are the positive roots of Equation b, R is the mean particle radius, t
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is time, Vs is the solid volume, F is the fluid flow rate and KH is the dimensionless Henry
constant.
In the long-time region equation (a) is simplified to

ln(



c
2L
2 Dt
) ≈ ln  2
 − β1 2
co
R
 β1 + L( L − 1) 

(6-iv)

Under these conditions, I can determine L and D/R2 from the intercept and slope,
respectively, of the long-time asymptote of the semilogarithmic plot of

c
versus t. This
c0

method is known as long-time (LT) analysis.
The experimental n-hexane desorption curves for all samples were analyzed so as to
obtain the pore diffusivities by the LT analysis method. The results obtained by this
mathematical method were verified using a separate analysis technique called the
intermediate analysis method, which makes use of an earlier portion of the desorption
curve.

The details of this latter method are discussed in Appendix D.

Further,

diffusivities were measured for a mesoporous silica reference material (MCM-41) and
those values compared to accepted literature values.

Experimental Section
Materials. All CZY mixed oxides used in this study were prepared using a range of
organic templates: soft templates (block copolymers, dendrimers, surfactants) and hard
templates (resins and activated carbon). All details about the synthesis of these materials
are explained elsewhere22 (see Chapter 3). Two synthesis techniques were used to prepare
all tested samples: classical sol-gel and evaporation induced self-assembly (EISA)
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methods. The synthesized CZY materials were all mesoporous, but the overall pore
morphology varied with the type of synthesis technique and template used during
synthesis.
High purity hexane (>95%; Alfa Aesar) and ultra-high-purity helium (>99.99%,
Airgas) were used as the adsorptive agent and carrier gas, respectively.

Characterization. The structure of all CZY materials was characterized by several
techniques, including nitrogen physisorption, powder x-ray diffraction and electron
microscopy. Nitrogen adsorption and desorption isotherms at 77 K were measured using
a Micromeritics ASAP 2020 system after the samples were outgassed at 473 K overnight.
The sorption data were analyzed using the Barret-Joyner-Halenda (BJH) model to obtain
the pore size distribution and with the Brunauer-Emmet-Teller (BET) model for surface
area.
Transmission electron microscopy (TEM) studies were carried out on a Hitachi
H9500 TEM, a Hitachi H7600 TEM and on a Hitachi HD 2000 STEM at 300, 120 and
200 kV, respectively, to determine the morphology and pore sizes for all samples. Smallangle X-ray diffraction (SAXD) patterns were obtained with the RigakuUltima IV X-ray
diffractometer with Cu Kα radiation (λ = 1.5406 Å) and Ni filter, operated at 40 kV and
44 mA. This data, in conjunction with TEM images, was used to identify the presence of
ordered mesopores in the samples.
Finally, particle size distributions were determined for all samples by using standard
sieves. The sample (powder) was separated by size and particles between 37 and 45µm
were used for all different diffusion experiments.
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The ZLC technique: Experimental Set Up.

The general components of ZLC

systems have been extensively described elsewhere,27 and generally consist of a short cell
or sample chamber, where the adsorbent material is placed, a carrier gas/adsorbate
delivery system, and an analytical device (often a gas chromatograph or mass
spectrometer) for measuring gas concentrations. The adsorbent is equilibrated with an
inert carrier gas containing a low concentration of an adsorbate gas. After the adsorbate is
equilibrated with the sample, it is desorbed into a high flow carrier gas. The desorption
curve for the adsorbate can later be analyzed to calculate the diffusivity for the adsorbate
moving through the porous.
The experimental apparatus constructed by our group is depicted in Figure 6.1. It
features a permeation cell (KIN-TEK Laboratories, Inc.), instead of the usual bubbler
used for ZLC experiments, which contains a liquid hydrocarbon (adsorbate). The carrier
gas flows through the permeation cell at a fixed flow rate, which ensures that a constant
amount of adsorbate is added to the carrier gas. The ability to accurately control the dose
rate of adsorbent is important for getting reproducible results. The 1/16 in. gas lines are
heat traced to avoid condensation or adsorption of the adsorbate gas on the tube walls,
these heating loops also help to preheat the gas before it enters the furnace that contains
the zero-length cell. Inside the furnace the gas feed line is coiled several times to ensure
that the adsorbate/carrier gas is heated to the desired temperature before passing through
the ZLC cell containing the porous material. After going through the adsorbent material,
the concentration of the adsorbate in the exit gas stream is recorded with a mass
spectrometer (Balzers Prisma QME 2000, quadrupole mass spectrometer, MS), which is
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connected directly after the cell through a short capillary line (slip stream) that is also
heat traced. Most of the gas exiting the ZLC is evacuated through the vent. A heated fourway valve is used to switch between the adsorbate gas and the pure carrier gas streams
and their flow rate is controlled by separate mass flow controllers (MFC). The mass flow
controllers are frequently calibrated using a bubble flow meter. System pressure is
carefully controlled in both the carrier and adsorbate lines to ensure they are maintained
at near identical values to avoid a jump in the flow after switching the gas flows through
the ZLC.
The particular design of this apparatus has been carefully planned so it is feasible to
do isotopic labeling experiments as well using the steady state isotopic transient kinetic
analysis28 (SSITKA) technique.
T
2

vent

furnace

P
1

fritted
metal disk
zero length
column (ZLC)

T
1

MFC 1
helium

T
3

MFC 2
P
2

MS
capillary line

heat
traced line

flowmeter
or GC

P
3

hydrocarbon
membrane
permeation
cell

back pressure
regulator
vent

Figure 6.1. Simplified schematic diagram of ZLC apparatus. The Zero-Length Column
contains a very small quantity of adsorbent material between two sintered disks.
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Diffusion Measurements. A small sample (2-2.5mg) of CZY materials were placed
between two sintered disks in a 1/8 in. stainless steel Swagelok union, which was placed
inside the ZLC system furnace and equilibrated with an inert carrier (helium UHP,
Airgas) stream containing a very small concentration of an adsorbent, in this case hexane
(95%+, Alfa Aesar). After equilibrium is reached, the flow is switched to a pure He
carrier stream, and the effluent concentration of the adsorbent component is monitored
using an MS detector for greater accuracy. Before analysis, each sample was purged with
pure helium for 12 hrs at 250 °C. At the start of each diffusion experiment the sample
was exposed to a helium/hexane gas mixture until the concentration of hexane in the gas
did not change. The mixed flow was then continued for an additional hour. Desorption
of n-hexane from CZY mixed oxides was performed at pure carrier gas flow rates of
80,120 and 160 ml/min at 60 °C. Five different CZY adsorbent materials were studied, all
five mixed oxides had equivalent proportions of ceria, zirconia and yttria and were
synthesized via sol-gel or EISA techniques using a range of templates that included block
copolymers, dendrimers, surfactants, activated carbons and organic resins.
The diffusional time constant R2/D is determined by matching the experimental
response curve to the theoretical curve derived from the appropriate solution to the
Fickian diffusion equation.

Results and Discussion
The ceria-zirconia-yttria materials used for these experiments all contain a significant
quantity of mesopores but differ either in surface area, pore size or mesopores
arrangement. All oxides had an average crystallite diameter of 41µm. Because one of the
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main purposes of this work is to understand how the diffusional properties of CZY
mixed oxides vary with morphology, the key physical characteristics of these materials
were measured and are shown below.

Physical Properties of CZY mixed oxides. All synthesized CZY materials are
comprised of approximately 50% ceria, 45% zirconia, and 5% yttria (mol%), as
determined by ICP-AES, in the form of a homogeneous mixed oxide. The nitrogen
adsorption/desorption isotherms and Barret-Joyner-Halenda (BJH) pore size distribution
data for sol-gel and EISA synthesized CZY oxides are shown in Figure 6.2. The BET
surface area, average BJH pore size and other CZY characteristics are summarized in
Table 6.1.
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Figure 6.2. Nitrogen adsorption-desorption isotherm (a) and BJH pore size distribution
(b) for a block copolymer template CZY material synthesized via EISA; (b)-(f) show the
BJH pore size distribution for CZY materials prepared using sol-gel techniques using
block copolymer, activated carbon, dendrimer, resin or surfactant templates, respectively.
Figure 6.2a presents the physisorption isotherm for the EISA synthesized CZY mixed
oxides. The plot shows the typical hysteresis loop characteristic of mesoporous materials.
This suggests that indeed the materials obtained are mesoporous. All prepared
mesoporous CZY oxides exhibit physisorption isotherms similar to that shown in Figure
6.2a.
The BJH pore size distributions (see Figures 6.2b-f) are largely unimodal for all CZY
materials independent of synthesis techniques or templating agent. Despite these
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similarities, the materials do display some variations in average pore size, as reported in
Table 6.1. For example, the EISA block-copolymer templated CZY (Figure 6.2b) sample
has a significantly sharper distribution, where most of the pore volume (>60%)
corresponds to pores with a diameter of approximately 4 nm. Whereas, only 35% to 45%
of the pores in all other CZY oxides have a similar pore size. From the peak widths at
half-height for the unimodal pore volume distributions for all CZY samples, it is
observed that the EISA templated CZY oxides have a more uniform pore structure as
compared to CZY materials prepared by other methods. Further, the activated carbon and
surfactant templated CZY oxides have a less uniform pore structure with broader pore
size distributions. Finally, the resin templated CZY materials are the only samples with a
second smaller quantity of pores having a much larger pore diameter (40 to 60 nm).
As it is impossible to accurately predict exact pore morphologies from nitrogen
physisorption data, other characterization techniques are required to fully define the pore
structure of these oxides. Thus, high-resolution TEM analysis of CZY materials, as
shown in Figure 6.3, was used quantify the pore size, structure regularity, and
morphology of these catalysts supports.
Review of the TEM images shows that four of the samples are disordered, while one
exhibited highly ordered mesopores. The material with ordered mesopores corresponds to
the block copolymer templated CZY that was synthesized via EISA techniques. This
observation is consistent with the BET surface area and BJH pore size distributions
described previously.
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Figure 6.3. TEM images of mesoporous CZY materials synthesized using (a) activated
carbon hard template (b) block copolymer template and EISA technique (c) dendrimer
and sol-gel technique (d) resin hard template (e) surfactant template and sol-gel
technique.
The TEM observations are further confirmed by the small angle x-ray diffraction
patterns shown in Figure 6.4. The EISA synthesized CZY was the only sample that
showed a low angle x-ray diffraction peak consistent with the presence of ordered
mesopores, whereas all other samples did show any low-angle diffraction peaks, which
was similar thre behavior observed with surfactant templated CZY samples prepared
using sol-gel techniques (see Figure 6.4b).
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Figure 6.4. Comparison of small-angle powder X-ray patterns for porous CZY oxides
synthesized using (a) block copolymer templates and the EISA technique and (b)
surfactant templates and sol-gel technique.

Diffusional Properties of CZY oxides. The rate of hexane desorption from CZY
oxides with differing mesoporosity at 60 °C are shown in Figure 6.5 for purge gas flow
rates of 80, 120 and 160 ml/min. The relatively high purge gas flow rates were chosen so
as reduce mass transfer limitation external to the catalyst particles and to assure that
kinetic (or transient) behavior, as opposed to equilibrium limitations, controlled the
concentration of hexane in the exiting purge gas flow. From these hexane desorption
curves it is possible to extract diffusion parameters for hexane within the CZY pores,
with the added assumption that the diffusivities are measured under conditions of zero
surface loading and low gas phase concentrations where Henry’s law adequately
describes the phase equilibria behavior of hexane.
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Figure 6.5 Effect of helium purge flow rate on the rate of desorption of hexane in CZY
materials synthesized using (a) activated carbon templates, (b) block copolymer
templates and the EISA technique, (c) dendrimer templates and the sol-gel technique, (d)
resin template, and (e) surfactant templates and the sol-gel technique. Hexane desorption
curves were measured at 60 °C. Symbols are shown for a select few data points on each
desorption curve for illustration purposes, each desorption curve consists of
approximately 2000 data points.
The desorption curves shown in Figure 6.5 display a slow exponential decay
behavior which indicates a diffusion-controlled process as compared to the linear
desorption behavior more indicative of equilibrium based processes. The rate at which
the concentration of hexane decreases is directly related to the transport rate, and as
expected, these results show that desorption rates decrease as the purge gas flow rate
decreases. Slope and intercept values for linearized regions of the desorption curves can
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be used to determine diffusivity parameters for the mesopores of CZY materials using the
long-time ZLC mathematical model.3,

29

The ZLC derived parameters and calculated

diffusion coefficients (D) are shown in Table 6.1. Analysis of this data indicates that the
desorption rates are purge flow rate dependent, but the resulting diffusion coefficients are
insensitive to this purge rate, which is consistent with the ZLC model. The insensitivity
of the calculated diffusivity values to purge flow rate clearly demonstrates that the
transport (desorption) process is kinetically controlled with resistances dominated by
intraparticle diffusion as opposed to interparticle diffusion processes whose mass transfer
resistance would vary with purge gas flow rate.
Table 6.1. ZLC model parameters (F and L) and CZY diffusion coefficients (D) as a
function of purge gas flow rate for n-hexane desorption at 60 °C from CZY materials
synthesized using EISA and sol-gel techniques with a range of structure directing agents
(templates).

CZY template
block copolymer
with EISA
technique
dendrimer with solgel technique
surfactant with solgel technique

activated carbon

resin

F
(cm3/min)

L

80
120
160
80
120
160
80
120
160
80
120
160
80
120
160

528
748
1040
675
1060
1306
4022
5820
6899
2907
4082
5076
2875
4196
5654
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Flow
rate
ratio
1
1.5
2
1
1.5
2
1
1.5
2
1
1.5
2
1
1.5
2

D (cm2/s)

L
ratio

Individual Average

1.00
1.42
1.97
1.00
1.57
1.94
1.00
1.45
1.72
1.00
1.40
1.75
1.00
1.46
1.97

6.96E-08
7.02E-08
7.43E-08
6.29E-09
5.65E-09
5.53E-09
4.28E-09
3.79E-09
4.04E-09
3.83E-09
3.41E-09
3.61E-09
6.86E-08
7.08E-08
7.65E-08

7.1E-08

5.8E-09

4E-09

3.6E-09

7.2E-08

The L value is another ZLC model parameter that can be used to indicate whether the
process is kinetically or equilibrium controlled. When the L value is relatively high (>5),
i.e., the removal rate of sorbate by the purge gas is faster than pore transport, then the
process is kinetically controlled, whereas an L value below 0.5 is indicative of an
equilibrium controlled process. For all experiments in this study, the calculated L value is
very high, indicating pore diffusion-controlled behavior. Further, prior work by others24,30-31

has shown the ZLC model is only valid when the L value is proportional to the

purge gas flow rate, and for all studies described herein, the ratio of these values
remained approximately constant; thus, validating the use of this technique to study
diffusion in mesoporous CZY samples.
The diffusivity values obtained in this study appear to be similar to various results
reported in the literature for similar gases in mesoporous materials.

For example,

Gobin26 reported that the diffusivity of n-heptane in SBA-16 at 50 °C varied from 1x10-9
to 4x10-9 cm2/s; similarly, Quiao and Bathia30 obtained a diffusivity of 2.93x10-7 cm2/s
for hexane in MCM-41 at 50 °C. In the present study, the diffusivity values vary between
3.6x10-9 cm2/s for the activated carbon templated CZY samples to 7.2x10-8 cm2/s for
resin templated CZY samples. The EISA synthesized and resin templated samples have
significantly larger gas diffusivity values as compared to the other CZY materials. The
larger diffusivity for the case of the EISA synthesized CZY is attributable to the ordered
pore structure of the material. This ordered mesostructure facilitates the intraparticle
transport of bulky molecules, improving diffusion properties significantly.
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For the resin templated materials, the reason for enhanced gas transport is less
obvious. Compared to the other disordered CZY mesoporous materials, the resin
templated sample has a unique structure. Analysis of the resin CZY pore structure using
TEM, provided little new information as the oxide connectivity resembled that of the
other disordered CZY samples; however, analysis of the resin CZY pore structure using
nitrogen physisorption identified an increase in the number of pores with diameters from
40 to 60 nm relative to the other disordered CZY materials. It is the presence of these
larger pores that is believed to be the cause for enhanced gas diffusion rates in the resin
CZY samples that contains a disordered arrangement of mesopores. To more clearly
illustrate the differences between CZY mesoporous materials prepared using multiple
templating and synthesis strategies, Table 6.2 shows the hexane diffusivity for the oxides
as well as their surface area, average pore size and morphology.
Table 6.2. Physical Characteristics and Diffusivities of Prepared CZY Materials.
Soft Template
Block Copolymer
Dendrimer
(EISA)
BET surface
area (m2/g)
BJH avg. pore
size (nm)
Mesopore
morphology
Diffusivity
(cm2/s)

Surfactant

Hard Template
Activated
Resin
Carbon

105

76

78

118

98

4

3.5

6.2

9

3.4; 60

Ordered

Disordered

Disordered

Disordered

Disordered

7.14E-08

5.83E-09

4.03E-09

3.62E-09

7.2E-08

For the soft templated samples, we see that both the surfactant and dendrimer
templated CZYs, which were synthesized by the classical sol-gel approach, have
approximately the same surface area and a disordered mesostructure but differ in average
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pore size. Despite these pore size differences, the measured hexane diffusivities and
TEM morphologies for these materials were nearly identical, which suggests that the
primary resistance to hexane diffusion was the necked down regions between pseudospherical CZY oxide nanoparticles in these samples.
On the other hand, the hexane diffusivity measured for the EISA synthesized CZYs,
which are templated using the block copolymer soft templates, differ by an order of
magnitude from the values for less ordered materials. Specifically, the ordered
arrangement of linear pores leads to an increase in oxide surface area and provides
greater pore size uniformity, which ultimately leads to increased gas diffusivity via the
elimination of the pore constrictions that are present in most of the other synthesized
CZY samples. Though the structural characteristics ascertained by nitrogen physisorption
experiments are often useful predictors of transport properties, the irregular pore
structures of classical sol-gel templated CZY samples leads to these methods being of
less use in the prediction of the gas transport properties, which play a central role in
catalytic behavior. It is important to understand the parameters that affect diffusion since
controlling it may suggest new materials with advanced performance. The higher the
diffusivity, the faster reactants reach active reactions site located within the pores; thus, it
is advantageous to find identify catalyst supports with the highest diffusivity.
For the hard templates, the resin templated CZY material exhibits unexpectedly high
gas diffusivity, despite the CZY material templated by activated carbon having greater
surface area, a larger average pore size, and similar mesoporosity. This anomaly can be
explained by the BJH pore size distribution for the resin templated samples, which shows
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that these samples have an increased number of large mesopores (diameters of 40 to 60
nm). Also, the pore size distribution is more uniform with 45% of the resin templated
pores having a diameter of about 3.4 nm, as compared to the activated carbon CZY
samples, where approximately 25% of pores have a diameter of about 9 nm. The
activated carbon samples have a more random distribution of pores with the BJH pore
size distribution showing a broader peak for pore size (see Figure 2c). This wider
distribution also means that there are more small pores. The existence of these small
pores introduces a diffusion limiting structural feature to the material, especially if these
smaller pores are at the entrance of larger diameter structures. This latter situation is
analogous to diffusion through the super-cage structure of zeolite Y, where small
diameter pores provide access and limit the diffusion of species to the larger super-cages.
In general, it can be concluded that pore morphology has a greater impact on
diffusivity in CZY materials than surface area or average pore size. Further, traditional
physical characterization techniques, such as N2 physisorption, only provide a partial
picture of the pore structure in CZY materials and can be a poor predictor of species
transport through the material. For the case of the carbon templated CZY sample, its
surface area and average pore size are very high appearing to be a better material for
catalytic applications but it is the material with the lowest hexane diffusivity. This
behavior is attributable to its morphology, and compared to other CZY disordered
mesostructures, it has the least uniform pore size distribution. The observed diffusion
behavior suggests that access to the larger pores is limited by a bottleneck, such as a
smaller diameter entrance pore.
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Figure 6.6 illustrates the effect of pore morphology on gas diffusion rates; disordered
structures can have pore connectivity issues like the existence of closed and blind pores.
Also the pathways the gas follows can be complex which can diminish diffusivities
incredibly. On the other hand, straight pore channels are the ideal case for fast gas
transport, where no obstacles interfere with the free flow of gaseous species. An
additional case is presented in Figure 6.7, where straight mesoporous channels are
connected to other mesopores via translated pore opening, which leads to a pore
constriction at the interface between the mesoporous channels.
Additionally, diffusion rates for large straight pore systems can be reduced if the pore
channels change directions frequently. This latter case can happen for ordered CZY
materials and might explain the variations found between literature values for similar
mesoporous ordered structures.
The block copolymer templated CZY prepared using the EISA technique displayed
the highest gas diffusivity. This well-ordered mesostructure has transport advantages as it
improves pore connectivity and has a larger surface area as compared to other CZY
materials. This accentuates the importance of using EISA methods to synthesize CZY
materials with long-range ordered mesostructures, as compared to the disordered CZY
mesoporous oxides prepared using more traditional sol-gel techniques. This is especially
important as we look at an order of magnitude difference in the diffusion parameter,
which for catalytic applications can mean a significant improvement in catalyst
performance.
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Figure 6.6. Representation of gas diffusion through CZY pore channels with disordered
(top) and ordered (bottom) mesostructures.

Figure 6.7. Representation of gas diffusion through CZY straight pore channels of
different lengths.

Validation of Results
As explained in the results and discussion section, enough evidence is given of kinetic
behavior and not equilibrium-controlled phenomena so as to trust the calculated
diffusivities. The first clear evidence being the shape of the desorption curves since
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instead of being straight lines passing through the origin in semi-logarithmic coordinates,
they show significant curvature. Also, at high flow rates, the L values are proportional to
purge gas flow rates as expected. Further confirmation of hexane desorption being under
kinetic control is shown in Figure 6.8, where log(C/C0) is plotted as a function of Ft as
described by Brandani et al.31 The time range of the kinetically controlled region was
obtained from the plot which shows diverging curves at the long-time region. The
calculated L values are also greater than five as sought.
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Figure 6.8. ZLC response curves plotted in the form ln(C/C0) vs. Ft for CZY mixed
oxides synthesized using a block copolymer soft template and the EISA technique,
showing kinetic diffusion control at varying purge gas flow rates at long times. Legend
values are given in ml per min.
To further validate our experimental technique, we measured the diffusivity of hexane
in MCM-41 (a well-studied mesoporous silica material) and compared our results to
published values. About 2 mg of MCM-41 were placed between two sintered disks inside
the oven. The sample was purged overnight at 250 °C using pure helium. Then helium
with a very small concentration of the hexane adsorbent was flown through the system
until the sample was equilibrated with the absorbent and measurements of desorption
were taken at 60 °C. Figure 6.9 shows the desorption curves for these measurements.
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The measured diffusivity values for MCM-41 samples are shown in Table 6.3 and are
similar to results reported in the literature. For example, Gobin26 reported that the
diffusivity of n-heptane in SBA-16 (a mesoporous silica) at 50 °C ranged from 1x10-9 to
4x10-9 cm2/s using the same long-time analysis method and ZLC technique used herein.
For these studies, the L value from the ZLC analysis is very high, indicating diffusioncontrolled behavior and as expected, the L value from the ZLC model is proportional to
the purge gas flow rate.

Figure 6.9. Effect of helium purge flow rate on the rate of hexane desorption in MCM-41.
Desorption curves were measured at 60 °C. Each curve contains approximately 2000 data
points.
Table 6.3. ZLC model parameters and gas diffusivity for n-hexane in MCM-41 materials
as a function of purge flow rate. Desorption experiments were performed at 60 °C.
3

F (cm /min)

L

80
120
160

2044
2872
4755

Flow
rate
ratio
1
1.5
2

D (cm2/s)
L ratio
1
1.41
2.33

Individual Average
1.09E-09
1.03E-09
1.17E-09

1.1E-09

Qiao and Bathia30 found a diffusivity of 2.93x10-7 cm2/s at 50 °C and a D/R2 of 0.21s
for this system. However, measurements presented significant equilibrium limitations.
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This study used a complete time range analysis. Other published values obtained by
NMR32 showed a diffusivity of 4x10-6 cm2/s. As expressed by Brandani2 the current
general consensus is that all these measurements are in fact correct within their respective
uncertainties and the results reflect the fact that the crystals have internal imperfections
that dominate the macroscopic measurements. Different techniques can yield diffusivity
values that differ up to three orders of magnitude from that of an ideal crystal.
It is concluded from these observations that for our MCM-41 system, using the same
analysis technique, the literature values are very similar to the ones found here. The longtime analysis is also found to be accurate for our case as shown in the relative
concentration versus Ft curves. It is hard to conclude if the values found throughout the
study are in fact the accurate absolute diffusivity values. However, they are accurate for
this technique and it is valid to use these values to compare diffusional properties
between similar systems to have an idea of the diffusional advantages of a system versus
another and find the best material for our catalyst applications. Further analysis of the
desorption curves obtained for the experiments in this article can be found in Appendix J.

Conclusions
Multiple CZY samples with differing mesoporosity were prepared using a range of
structure directing agents and synthesis techniques. The diffusion kinetics of n-hexane in
these mesoporous CZY materials were measured at 60 °C using the ZLC method. The
diffusion coefficients were derived by the long-time range analysis method and are in the
range of 3.6x10-9 to 7.2x10-8 cm2/s, with disordered oxides having generally lower
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diffusion rates than oxides prepared using the EISA method. These diffusivity values
were validated to be kinetic (non-equilibrium) measurements as they were independent of
the purge gas flow rate. Further, the measured diffusivities were highly dependent on the
morphology of the respective CZY mixed oxide.
The diffusion behavior of n-hexane in mesoporous CZY materials was found to be
significantly impacted by the geometry and connectivity of the pores and more
specifically, the presence of small diameter connection channels between mesoscale void
spaces within the oxides. Interestingly, CZY physical characteristics such as surface area
and average pore size had far less an impact on measured diffusion rates, suggesting that
these values may not be good predictors of catalyst transport properties. The ZLC
technique provides a straightforward method for calculating gas phase diffusion rates
through mesoporous catalyst materials enabling a more accurate prediction of final
catalyst performance when the catalysts are used under conditions where reactions are
transport limited.
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CHAPTER SEVEN
CONCLUSIONS
The present work succeeded in developing novel mesoporous ceria-zirconia-yttria
(CZY) catalyst supports to further enhance the efficiency and longevity of automotive
catalytic converters. The created CZY supports will likely maintain the dispersion and
enhance the activity of three-way catalysts used in automobile emissions control,
minimizing the quantities of noble metals needed to achieve the required level of
performance and thereby reducing costs for the automobile industry.
In order to achieve the research objectives, I focused on advanced synthesis strategies
that yielded improvements to the morphology and physical properties of CZY mixed
oxides as well as the use of advanced characterization techniques that are capable of
evaluating the diffusional enhancements gained by the formation of novel mesoporous
structures.
The first part of this dissertation discussed the synthesis and characterization of
mesoporous CZY oxides that were prepared via classical sol-gel methods using block
copolymers (BC) as templates and inorganic nitrate salts as metal oxide precursors. The
resulting oxide materials showed high surface area, large pore volume, uniform pore size
distribution, and uniform oxide incorporation among other improved characteristics. A
range of PEO-PPO-PEO block copolymer templates and sol-gel concentrations were
studied.
Studies were undertaken to address the hypothesis that the concentration of block
copolymer (Pluronic P123) template species in the CZY sol-gel synthesis media would
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significantly impact the morphology of the resulting CZY oxide materials obtained from
those syntheses. In agreement with my hypothesis, favorable increases were observed in
the surface area and average pore size with increases in sol-gel template concentration.
This confirmed it is possible to tune the pore diameter of CZY mesostructures by
changing the (template):(precursors) ratio in the initial sol-gel synthesis media. However,
despite all of the CZY oxides showing uniform crystalline structures, none of the sol-gel
synthesized mesostructures were well ordered, suggesting that template concentration did
not impact the periodicity of pores formed in the final oxide structures.
The proportions of CZY oxides for the different materials were remained consistent
throughout synthesis and calcination processes, with the exception of materials prepared
with extremely high block copolymer concentrations. It was also shown that using a low
heating rate and maintaining appropriate template concentrations limits the probability of
collapse of the structure due to the formation of hot spots during the calcination process
that is used to remove the organic templates from the oxide materials. Specifically,
differential scanning calorimetry (DSC) analyses showed that exotherms were observed
during template oxidations processes and that these exotherms increased in intensity as
the heating rate and block copolymer content increased.
Additional studies examined the effects of block/oligomer chain length on the sol-gel
templating ability of select block copolymer templates. Pluronic P65 and Pluronic F127
were chosen as alternatives to P123. The other block copolymers considered had the
same poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO)
structure but featured shorter hydrophobic chains and larger hydrophilic chains,
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respectively. Significantly different molecular weight is also shown among the three.
However, the presence of different Pluronic templates during synthesis did not
significantly impact the resulting surface area and average pore size of the calcined oxide
samples. Also, all of the tested Pluronic templated samples showed uniform crystalline
structures and the oxides were well incorporated into the final structure. Finally, none of
the mesostructures were well ordered, suggesting that within the limits of a classical solgel synthesis process, the BC template type or length of the hydrophobic or hydrophilic
blocks of the polymer template does not influence the formation of periodic oxide
structures.
Classical sol-gel syntheses generated materials with catalytically useful properties but
the creation of a ordered structures proved elucive. For classical sol-gel methods, the
metal precursor hydrolysis rate defined the final product morphology. Because the CZY
precursor reaction rates are very rapid, there is insufficient time for the rapidly growing
metal oxyhydroxide oligomers to become associated with the micellar block copolymer
templates. It is also questionable whether the template molecules have sufficient time to
fully organize into micellar secondary structures before the entire oxide forming reaction
process has been completed. Thus, the CZY condensation reactions leading to the
formation of rigid oxide frameworks are reaction-limited, with the formation of
polyoxyhydroxides occuring rapidly as a result of the availability of water and
hydrolyzing agents in the initial sol-gel solution. All of these phenomena lead to the
formation of disordered CZY mesostructures.
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Since ordered mesostructures are hypothesized to be advantageous for reducing noble
metal sintering and enhancing reactant and product diffusion rates through the material,
later efforts focused on the development of reproducible methods for synthesizing
ordered CZY mesostructures. The somewhat elusive ordered mesostructures were
achieved by the evaporation induced self-assembly (EISA) method using block
copolymers as structure directing agents (templates). The ordered mesoporous CZY
oxides synthesized by EISA also had all of the advantageous properties previously
observed with materials synthesized by classical sol-gel methods.
The evaporation induced self-assembly process for preparing CZY mesostructures
was found to be diffusion-limited, where the rate of oxide forming reactions is limited by:
1) the slow diffusion of water into the initial ethanolic-metal salt solution and 2) the slow
evaporation of ethanol from the alcohol rich solution. These limiting phenomena are
heavily dependent on the reaction temperature, the relative humidity of the air above the
ethanolic solution, the rate of removal of HCl gas from the vapor phase, as well as other
factors. The acidic environment generated by the hydrolysis reaction slows the crosslinking rate of the metal oxide species, and the slow loss of ethanol by evaporation
enables the polymer template to self-organize and permits the simultaneous
condensation-polymerization of metal oxide/hydroxide species to generate a robust oxide
network around the periphery of the ordered polymer templates. Thus, for the templated
synthesis of mesoporous CZY materials, it is the rate of metal oxide condensation that
determines the nature of the resulting oxide structure.
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Although water is directly responsible for hydrolysis reactions, the fast evaporation of
ethanol accelerates the aging process by preventing the self-assembly of the SDAs and
also might create disordered or non-homogeneous multiphase mesoporous systems. I
studied these effects in depth by both experimental and simulation approaches, and both
approaches indicated that the diffusion rates of water and ethanol during the EISA aging
process were the driving forces that controlled the ordering of mesopores within the
oxide products.
A positive impact on morphology was observed by decreasing the surface area for
ethanol evaporation during the EISA aging step, since a fast evaporation rate induces a
large concentration gradient, whereas a slow one favors a more homogeneous solution.
However, these experiments also showed that for deeper solutions (i.e., high height to
diameter ratio systems) it was more likely that a multiphase system would emerge from
the starting ethanolic solution, with the top layer consisting of a hard oxide layer that was
exposed to higher water levels and a lower liquid layer that saw low water levels because
it was difficult for the water to diffuse through the upper oxide layer. This layered
system consisted of oxide mesopores products that were both ordered and disordered.
It was later shown that it was better to reduce the evaporation rate by keeping the air
flow controlled and maintain a large evaporative area so samples were as thin as possible
and as a result more uniform. These experiments provided keen insights into the critical
parameters that must be controlled if an EISA process is to be able to reproducibly
produce ordered mesoporous oxide structures.
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It was also shown that a slow controlled reaction/assembly process is necessary to
create ordered CZY mesostructures. To approach a more controlled process and be able
to design and develop new protocols for mesoporous material synthesis, the experimental
behavior was modeled using a simplified version of the system treating evaporation as a
moving boundary mass transport problem
The transport based EISA models described the effects of water concentration during
the process, the evolution of composition, rates of solvent evaporation, hydroxide
formation and other parameters in the system that control whether or not ordered
structures are formed. Additionally, the model could potentially be used to predict
composition, precipitation and temperature profiles under varying aging conditions which
are difficult to experimentally determine.
The second part of this work focused on the diffusional properties of CZY materials
synthesized by sol-gel and EISA techniques and prepared using either endo-templates
(block copolymers, surfactants, and dendrimers) or exo-templates (resins and activated
carbon). The diffusion of gases inside the pores of CZY samples having different pore
geometries and sizes leads to an understanding of the advantages of some catalyst
supports over others. These experiments focused on the measurement of n-hexane
diffusion rates through the pores of CZY oxides, with hopes of identifying a specific pore
morphology and/or size that was optimal for the conversion of gaseous exhaust
pollutants.
The zero-length column (ZLC) method was used to measure the intracrystalline
diffusivities of n-hexane at 60 °C in mesoporous CZY materials. This technique was
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proven to be very useful for gas diffusion studies in mesoporous materials. The impact of
morphology on the diffusion behavior of n-hexane in CZY materials was verified,
showing diffusional advantages for ordered mesoporous CZY oxides. It was concluded
that the transport properties of these materials are highly dependent of the geometry of
the void space and pore connectivity. Further, the effects of pore morphology were found
to be far more relevant to diffusional properties than other physical characteristics, such
as surface area or average pore size.
In summary, I developed novel mesoporous ceria-zirconia-yttria (CZY) catalyst
supports with improved characteristics like high surface area, large pore volume, uniform
pore size distribution and uniform oxide incorporation by both sol-gel and EISA
synthesis approaches. Furthermore, I created CZY supports with and ordered
arrangement of mesopores by the EISA method, which were proven to have
advantageous diffusional properties as measured by the ZLC method. These catalyst
supports, having optimal pore morphologies, further enhance the efficiency and longevity
of automotive catalytic converters.
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CHAPTER EIGHT
RECOMMENDATIONS

The main objective of this study was to create novel mesoporous ceria-zirconia-yttria
(CZY) materials with improved physical and diffusional characteristics that increased
their efficiency and enhanced their performance as catalyst supports for three-way
catalysts. This has been accomplished by the synthetic control of CZY mesoporous
materials morphology and the characterization of their physical and diffusional
properties. Thus, further studies aimed simply at new synthesis strategies for CZY
materials are probably not required.
There is however considerable scope for further application of the evaporation
induced self-assembly (EISA) technique both to explore the structural relationships when
varying synthesis parameters and to create more efficient ways to develop these CZY
materials for industrial applications. For example, the development of CZY oxides with
ordered mesostructures by aerosol-assisted EISA for nanofabrication in series.
One obvious development would be to extend transport simulations of the EISA
aging process to include missing parameters not available during the current study (e.g.
experimental reaction rates for metal precursor hydrolysis). This effort could also include
experimental studies examining the rates of hydrolysis of metal oxide precursors in
alcohol and mixed alcohol-water solutions. In principle, the models developed during
this study could be used and any new kinetic information substituted for the estimates
currently used in the model.
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With respect to diffusional studies, the ZLC experimental system was built and
modified as experience was gained. If further work is to be continued it would be
desirable do some upgrades. For example, to run most of the lines and the ZLC cell for
the system inside a gas chromatography oven to improve temperature accuracy. Also
some volumetric flow controllers could be traded for higher flow rate rated controllers
and smaller pore diameter sintered disks could be used for the zero-length column cell to
avoid problems with very fine powders clogging the lines during measurements.
In order to shed more light on the effects of pore geometry on the diffusional
properties of CZY materials, new ZLC studies could be planned using other gases closer
to the ones this support material encounters in operating conditions and at working
temperatures.
Evaluation of the catalytic performance for reactions used in emission abatement
control as applied to three–way catalytic converters of the different mesoporous CZY
materials that have been synthesized would be interesting as well, specifically, catalytic
activity or light-off temperature of all the reactant species (CO, CxHy, and NOx) that
participate in the redox reactions and loss of surface area during thermal aging for each
CZY sample. These two tests address the critical aspects of ongoing efforts focused on
reducing noble metal loadings on three way catalysts and extending their active life.
Additionally, experimental or/and simulation work for simultaneous diffusion and
reaction inside CZY pores with or without the actual catalyst could be carried out. The
diffusion studies developed so far did not include any reaction behavior. This could be
extremely beneficial in order to better assess the advantages of CZY catalyst supports
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with different morphologies. Simulations can be used to predict optimized pore structure
and size, accounting for both diffusion and reaction phenomena.
Finally, a large portion of work that I consider very important but did not have the
opportunity to undertake is the use of isotope labeling to measure diffusion rates. Steadystate isotopic-transient kinetic analysis (SSITKA) is a very useful technique for the
kinetic study of heterogeneous catalytic reactions. A variant of this technique can also be
used to obtain diffusion rates inside CZY oxide mesopores. Actual SSITKA experiments
could also be used to study precious metal loaded CZY catalysts – obtaining detailed
reaction rate information for the complete reaction mechanism. These results could reveal
new characteristics and details of the process, enabling the further improvement of
catalytic converter catalysts.
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Appendix A
Synthesis Conditions- Literature Review
Table A-1: Detailed conditions literature review of mesoporous materials. All temperatures (T) given in °C & time (t) in hours.
Type of
material

Precursors

Template
Akylphosph

Other
agents

Solvent

TiO2

Ti isopropoxide

Mes. YZ

Zr ethoxide; Y
acetate

CTAB

N2 atm

Mes. CZ

Zr propoxide;
(NH4)2Ce)NO3)6

P123 or
CTAB

N.A

Mes. Zr

Zr propoxide

P123; Brij56

N.A

Mes. Zr

Zr propoxide

CTAB

Mes. Zr

Zr propoxide

CTAB

N.A

Water

Mes. Zr

Zr propoxide

F127 or
P123

N.A

Water

Mes. Zr

Zr propoxide

Amphiphilic
N2 atm Propanol
compounds

Mes. Zr

Zr propoxide

Mes. Zr

Zr propoxide

ate Surf.

Hlz.
agent

Method

ag. T ag. t RH%

dry
T

dry t

calc. T

calc. Low angle Ordered
t

peak

TEM

ACAC

Ref
1

C2H6O2; Sodium
Precipitation
alcohol hydroxide

80

24 to
120

N.A

N.A

600

4

Yes

YN

2, 3

Propanol Ammonia

40

12

NM

100

500

4

Yes

No

4

Precipitation 130

12

N.A

Extrac
tion

500

6

Yes

YN

5

Precipitation 100

48

N.A

NM

500

5

Yes

Yes

6

N.A

Precipitation

60

48

N.A

60

Soxhlet
extraction

Yes

No

7

N.A

Precipitation 120

24

N.A

NM

500

4

Not shown

No

8

Precipitation

80

96

N.A

RT

400

6

Yes

YN

9

P12 and S12
Not
Retarding
N2 atm
Precipitation
surf.
specified (HCl)

40

12

N.A

140

500

12

Yes

No

10

P12 and S12

Not

Not

90-

surf.

used

specified

12

N.A

140

500

12

Yes

No

11.

(NH4)2
SO4

Water
Water

N.A
Retarding
(HCl)

Water

N.A

EISA

Precipitation
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Table A-1 cont.
Type of
material

Precursors

Template

Mes. Zr

Zr propoxide

P12 and
S12 surf.

Other
Solvent
agents
N.A

Not
specified

Zr propoxide,
ethoxide and Not used N2 atm Alcohol
butoxide
Zr and Y
YSZ
Not used N2 atm Benzene
isopropoxides
Metal alkoxide
Nanosized
Special
Not
(Ti methoxide
OMC
metal oxides
reactor specified
or propoxide)
Porous aACAC;
Mes. YSZ Zr propoxide; Y
alumina
Propanol
membranes
nitrate
N2 atm
disks
Zr propoxide
YSZ fibers
Not used N.A Propanol
sln; Y acetate
Zirconyl
Mes. Zr, CZ
chloride; Ce
F127
Ethanol
N.A
and YSZ
nitrate; Y nitrate
Hexadecyl
Mes. Ceria Ce acetate
Ethanol
N.A
amine
Zirconyl and Y
YSZ
P103
Ethanol
N.A
chlorides
Mes. Ce, Zr Ce and Zr
Ethanol;
KLE
N.A
and CZ
chlorides
THF
Zr Particles

Hlz.
agent
N.A

Method

ag. T

Precipitation 90-120

ag. t

RH% dry T dry t

Low
Ordered
calc. T calc. t angle
Ref
TEM
peak

12

N.A

140

500

12

Yes

No

12

Not
shown

No

13

Water Precipitation

60

4

N.A

N.A

N.A

Water Precipitation

80

0.5

N.A

100

500

1

No

No

14

Water
vapor

Gas phase
hydrolysis

70

Not
N.A
specified

110

48

800

2

Not
shown

No

15

Water

EISA (dip
coating)

RT

70

RT

48

300; 650

2;3

Not
shown

Not
shown

16

N.A

NM

No

No

17

18

Water

48

Fiber drawing/ Not
Dry spinning used

Not
mentioned

N.A

EISA

40

48

50

100

24

400

4

Yes

Yes

N.A

Precipitation

60

48

Atm
cond.

150

6

300

4

Yes

Yes

N.A

EISA

40

72

100

100

500 to 800

2

Yes

No

20

N.A

EISA (dip
coating)

10 to
20

300

600

1

Yes

Yes

21, 22
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Table A-1 cont.
Type of
Precursors Template
material
Ce-Sn mixed
oxides
Ce nitrate; Sn
F127
(macromol.
chloride
Mes. foam)
Mes. Ce

Ce nitrate

CTAB

Other
agents
N.A

Ethanol

N.A

Ethanol; Retarding
Water (Citric acid)

Zirconyl
Amberlite
chloride; polystyrene
N.A
NH4)2Ce)NO3)6 beads
Mes. ZrZirconyl
based
chloride; Ce
F127
N.A
materials and Y nitrates
F127 and
Ce and Zr
CZ Solid sln.
PMMA
N.A
nitrates
spheres
Zirconyl
Poly(vinylp
Mes. Ce1chloride;
Not used
ammonium
yrrolidone)
xZrxO2
cerium nitrates
Mes. metal
Inorganic
Block
N.A
oxides (Zr)
chloride
copolymers
Sodium
Zirconyl
Mes. Zr
lauryl
ACAC
chloride
sulfate
Zr and Y
Mes.YSZ
F127
N.A
chlorides
Mes. CZ
beads

Solvent Hlz. agent

N.A

Method

ag. T ag. t RH% dry T dry t calc. T calc. t

EISA

40

48

50 60;100 48; 24 400

EISA

40

120

NM

NM

Low angle Ordered
Ref
peak
TEM

3

Not shown

Yes

23

300 to
600

5

Not shown

No

24

Water

Ammonia

EISA

60

48

NM

90 to
100

24

500

8

Not shown

No

Ethanol

N.A

EISA

40

48

50

100

24

400

4

Yes

Yes

26

Ethanol

N.A

Precipitation/
RT
EISA

48

< 40

300;
550

3;6

Yes

YN

4, 27

Ethylene
glycol

N.A

Precipitation
190
(Polyol)

7

N.A

400

4

Yes

No

Ethanol

N.A

300 to
600

4

Not shown

Yes

No

No

Yes

Yes

Water;
Ethanol
Water;
Ethanol

Atm
NM
cond.

40

24

Ammonia Precipitation 110

6

N.A

130

72

40

NM

N.A

EISA

NM

EISA
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0.5

575
500 to
600

4

25

28

29

30

31

Table A-1 cont.
Type of
Precursors
material
Mes.YSZ
Mes. CZY
Mes. Zr
Mes. Ce1xZrxO2
Mes. Zr
CZ
Mes. Zr
Mes. Ce
Mes.YSZ
Mes. Zr

Template

Zr and Y
F127
chlorides
Zirconyl, Ce
and Y
CTAB
nitrates
Zirconyl
P123
nitrate
Zirconyl
chloride; Ce
P123
nitrate
Zirconyl
CTAB
chloride
Zirconyl and
CTAB
Ce chlorides
Zirconyl
Cocamido
chloride propylbetaine
Ce acetate P123 or F127
Zirconyl and
CTAB
Y nitrates
Zirconyl
chloride

Brij-58

Other
Solvent Hlz. agent
agents
N.A

Ethanol;
Water

N.A

N.A

Method

ag. T ag. t RH% dry T dry t

calc. t

500

2

Yes

Yes

32

40

72

NM

NM

Water

Sodium
Precipitation 100
hydroxide

48

N.A

80

12

550

8

Yes

No

33

N.A

Water

Ethylene
6 to
Precipitation 20-80
diamine
24

N.A

110

24

600

4

Not shown

No

34

N.A

Ethanol

24

400

4

Yes

Yes

35

N.A

Extraction

30

Not shown

No

36

450 to 900

2

No

No

37

No

No

38

N.A

EISA

Low angle Ordered
Ref
peak
TEM

calc. T

EISA

40

48

50

100

Water

Sodium
Precipitation 100
hydroxide

24

N.A

NM

N.A

Water

Ammonia Precipitation

90

120

N.A

60

N.A

Water

N.A

Precipitation

70

96

N.A

NM

350

N.A

Ethanol

N.A

EISA

60

72

NM

NM

400

5

Not shown

Yes

39

N.A

Water

Urea

Precipitation

80

6

N.A

60

12

600

4

Not shown

No

40

N.A

Ethanol

N.A

EISA (dip
coating)

RT

0.08100.4
80%
cm/s

60

12

150-500

2

Not shown

Y

41
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24

Hlz
ag.
RH
calc.
YSZ
Mes.
Zr
Y
Ti
sln
Ce
CTAB
Surf.
P123
F127
OMC
P103
KLE
THF
Atm. Cond.
Sat.
RT
YN
CZ
NM
N.A

ABBREVIATIONS USED
Hydrolizing
Aging
Relative humidity
calcination
Yttria Stabilized Zirconia
Mesoporous
Zirconium/Zirconia
Yttrium
Titanium
Solution
Cerium
Cetyl trimethylammonium bromide
Surfactants
Block copolymer Pluronic P123
Block copolymer Pluronic F127
Ordered Mesoporous Carbon
Block copolymer Pluronic P103
Novel block copolymer
Tetrahydrofuran
Atmospheric conditions
Saturated
Room temperature
Yes but minimal
Ceria-zirconia
Not mentioned
Not applicable or not used
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Appendix B
Literature Review for ZLC Technique
Table B-1: Detailed conditions literature review of the ZLC technique
Paper

System

Eic &
Ruthven
1988

o-xylene &NaX zeolite crystals
(50 microns)
o-xylene &NaX zeolite crystals
(100 microns)
n-butane in 13X zeolite

Eic &
Ruthven
1988
(zeolites
1988)

Brandani &
Ruthven
1996
Hufton&
Ruthven
1993

butane in NaX @ 80 °C (50
microns)
pentane in NaX @ 80 °C (50
microns)
heptane in NaX @115 °C (50
microns)
Propane/NaX at 85 C-100µmTracer ZLC
Propane/NaX at 85 C-100µmNormal ZLC
n-butane/silicate27micron @ 75°
C –ST

Flow rates
(ml/min)

Slope (s-1)

Intercept

D/R2 (s-1)

30;100;140

4.4;8.9;10.4E-3

0.75;0.35;0.27

1.39E-03

100;160

0.00175; 0.00236

0.92; 0.54; 0.37

3.30E-04

30;100;140

4.4;8.9;10.4E-3

0.75;0.35;0.27

1.39E-03

L
1.5; 5.6;
7.5
3.17;
5.16
1.5; 5.6;
7.5

D (cm2/s)

4E-7

1 to 25

3.5E-7

6 to 10

2.35E-7

1.46

1.68E-7

11.8

8.40E-03

158

14.2

4.80E-03

63

34

6.01E-03

2.22E-8

n-butane/sil.43micron @ 75 °C

34

2.92E-02

3.41E-8

n-butane/s.69micron @ 75 °C

34

6.67E-02

11.8E-8
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Table B-1 cont.
Paper

System

Ruthven &
Vidoni,
2012

Ethane in DDR

Micke et al
1994, 1995

Benzene on H-ZSM-5 crystals

Qiao
&Bathia
2005

Bradani
2000

Zhu et al
2004

n-decane in mesoporous MCM41-(2R=20.86microns) @50 °C

Benzene and p-xylenein zeolite25 Å

isobutane in silicate

Flow rates
(ml/min)

Slope (s-1)

D/R2 (s-1)

L

5.82

1.50E-03

15

17.52

1.50E-03

49

58.38

1.50E-03

150

141

1.95E-03

22.9

256

9.96E-04

58.3

60

9.54E-03

0.74

1.04E-08

80

1.02E-02

0.98

1.11E-08

100

1.03E-02

1.22

1.12E-08

120

1.06E-02

1.46

1.15E-08

140

1.11E-02

1.7

1.20E-08

Intercept

p-xylene 30

0.007

50.5

0.0077

0.042

benzene-19

0.0089

0.0058

0.07

8.42
9.00E-04
14.2
1.00E-03

273 °C

2.70E-04

303 °C

1.30E-03

338 °C

4.50E-03
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D (cm2/s)

Table B-1 cont.
Paper

System

Brandani

Linear paraffins (hexane to
tetradecane) in NaCaA zeolite

Jiang and
Eic
Hufton &
Ruthven

Flow rates
(ml/min)
150 C
(hexane)

Slope (s-1)

Intercept

D/R2 (s-1)

Ethane & Buthane in ZSM-5
Propane-13X zeolite-

Brandani

Propane and propylene in 5A
and 13X

Brandani &
Ruthven

Benzene in NaX and CaX

Ruthven

Benzene and the xylene isomers
in silicalite/HZSM-5
MCM-48 and H-USY samples

Eic

n-heptane in SBA-15
Toluene in SBA-15

Brandani &
Ruthven
2003
Brandani &
Ruthven
2003

D (cm2/s)
1.64 E -9

Ethane & Buthane in ZSM-5

Brandani

L

CO2-C2H4 and CO2-C3H8 on
several cationic adsorbents
(NaLSX, NaX, CaX, and CaA)-Equilibrium

Separation
factor

CO2-CaA, CO2-NaLSX
Equilibrium
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Table B-1 cont.
Paper

System

Brandani
2002-thesis

CO2-C2H4;C3H8;CH4 in zeolite
A-X&Silicate- Equilibrium
1,3-diisopropylbenzene and
1,3,5-triisopropylbenzene

Zaman et al
2005

Ruthven
1988

Flow rates
(ml/min)

Slope (s-1)

Intercept

D/R2 (s-1)

L

4E-4 to
8E-5

3 to 14

D (cm2/s)

from 0.9-µm NaY-zeolite
C4H10;C5H12;C7H16;C10H22;cyclo
hexane in 5A zeolite

1to4 E-7
cm2/s
0.0026to1
0 E9cm2/s

C4H10;C5H12;C7H16;C10H22;cyclo
hexane in NaX zeolite

1 to 45
9 to 606

n-heptane, cumene or mesitylene
in SBA-16
GobinThesis
2006

Wu 1982

n-heptane in SBA-16 (S-45-1)
n-heptane in SBA-16 (S-60-1
15µm)
n-heptane in SBA-16 (S-100-1
23µm)

100 at 50
°C
100 at 50
°C
100 at 50
°C

2.67E-04

50

1.07E-9

5.62E-04

87

1.27E-9

7.74E-04

96

4.1E-9

hexane in silicate at 20° C

0.75E-11

hexane in silicate at 100° C

4.2E-11

hexane in silicate at 200° C

13.3E-11
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Table B-1 cont.
Paper

Quiao &
Bathia
2005

Menjoge
2010

Flow rates
Slope (s-1)
Intercept
D/R2 (s-1)
(ml/min)
hexane, heptane, octane and decane in MCM-41 (2R=23.6microns; 3.79nm pore D)
hexane @50 °C (23.6 micron)
100
0.2108
heptane @50 °C
100
8.05E-02
octane @50 °C
100
2.50E-03
decane @50 °C
100
7.10E-03
Toluene in SBA-15 (45
25 °C
9.40E-04
microns)-TZLC
Toluene in SBA-15 (45
26 °C
microns)-NMR
System

Huang et
al. 2010

Heptane in SBA15 @30 °C

Malekian
2007

n-heptane in ZMS-5
o-xylene in UL-ZSM5-100-6
o-xylene in Al-Meso-100

100 °C
50 °C
60 °C

Hexane in ZSM-5

313 K

Olson & co
workers
Nowak
2005
Santhong
2008
Courivaud
2000
Adem et al
2012

2.01
4.25
4.99

L

D (cm2/s)

1.06
1.12
1.22
1.24

2.93E-07
1.12E-07
1.37E-08
3.00E-09

6.50E-04

1.6 E -3

20

1.61E-04
1.32E-04
1.09E-04

12
14
4.00E-09

hexane in MCM-41 (R=1-2
micron)

1.48E-02
5E-4 to
4.3E-6
(1.61 to
5.81) E-5

hexane in MCM-41
hexane in MCM-41 (6-7micron)
hexane in MCM-41 (50 micron)

4.10E-06
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Appendix C
ZLC Experimental System

Figure C.1. ZLC process equipment.
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.

Figure C.2. Flow rate, temperature and pressure controllers for the ZLC system.

Figure C.3. Permeation cell connected to mass flow controllers and the ZLC system.
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Figure C.4. ZLC cell inside the temperature controlled oven and connected to gas lines.

Figure C.5. ZLC cell with sintered metal discs inside
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Appendix D
Derivation of ZLC model
The derivation of the mathematical ZLC model is shown as derived by Brandani and
Ruthven1 and as presented by Goblin2.
The governing equations for the experimental section presented in chapter 5 are two:
the fluid-phase and the solid-phase mass balance in radial coordinates, without
negligence of the fluid-phase hold-up:

(/ ·

123
1
 (4 ·
 5 ·    0
1
1

(D.1)

7 9 2 72
72
8·


7: 9 : 7:
7

(D.2)

where 23 is the value of q averaged over the particle.
The initial conditions of the system are:

2 :, 0  2<  => < ;

 0  <

(D.3)

and the boundary condition:

@

72
A
0
7: B<

(D.4)

Equation D.1 can be considered as a boundary condition on the solid-phase mass
balance:

4 # 123
72
EF
 4EF 9 8 @ A
3
1
7: B"

(D.5)

with equilibrium at the surface:

2 F,   =>  

(D.6)

The fluid-phase mass balance D.1 can be written as:

220

(4 72 5 G
3
72
8() @ A 

2|
0
F
7:
=> 7 => B"

(D.7)

Introducing the change of variable (ζ  :2), equation D.2 reduces to:

(D.8)
7ζ
7 9ζ
8 9
7
7:
Since 2 :,  is always finite the boundary condition in equation D.4, can be rewritten as:

ζ 0, t  0

(D.9)

Equation D.8 can be solved through separation of variables:

ζ r, t  Q t · T t

(D.10)

1O
19N
N
 8O 9
1
1:

(D.11)

1 1O 1 1 9 N

 PQ9
9
8O 1 N 1:

(D.12)

where λ is a constant, These differential equations are separable and give the following
solution:

O  RSTU PQ9 8;

N  V · WXY Q:  Z · W Q:

(D.13)

where λ must be real (ζ is always finite). Furthermore, from equation D.9 it is concluded
that B must be zero. The general solution is given by:

2

[
sin Q: · exp P8Q9 
:

(D.14)

where a=AC

Substituting in the fluid-phase mass balance (D.7):

8Q9 (4
3
Q
1
5
8() b · W QF P 9 · WXY QFc P
WXY QF 
WXY QF  0
F
F
F
=> F
=> F
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(D.15)

which give as the characteristic equation:

    P 1 P d9  0
with



(D.16)

(4
1 5 F9
; γ
  QF
3 =() 8
3=> ()

(D.17)

The general solution is therefore given by:

2 :,   f

:
8
[
sin g h · exp P 9 9 
F
F
:

(D.18)

and for the initial solution:

2 :, 0  2<  f

[
:
sin g h
:
F

(D.19)

To evaluate [ , I have to consider the following integral:
"
:
:
i sin g h sin g* h 1:
F
F
<

(D.20)

After integrating twice by parts and taking into account equation D.16 and D.19 I get for

[ (see Brandani & Ruthven1):

"
:
j< :2< sin g F h 1:  dF 9 2< sin  
[ 
"
:
j< siY9 g F h 1:  dF siY9  

(D.21)

taking into account D.16:

[
2F


· 9
2< sin     1 P   d9 9   P 1  d9

(D.22)

The solution of the problem is therefore given by:

:
sin g F h
2 :,  F
2L
8
9
 f 9
·
·
exp
P


2k
F9
:
  1 P   d9 9   P 1  d9 sin  
(D.23)
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for r = R and under assumption of linearity of the system, I get the desorption curve:

 
2L
 9 8
 2 f 9
·
exp
P

k
F9
  1 P   d9 9   P 1  d9

(D.24)

Under negligence of the fluid-phase hold-up (γ = 0), the solution reduces to:

2
 9 8
 
f 9
· exp P

    P 1
k
F9
which is the final form of the ZLC model as used in Chapter 5 of this thesis.s.
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(D.25)

Appendix E
EDX Results for some of the CZY samples shown in Chapter 3 Section 1

Figure E.1. EDX mapping for a sol-gel synthesized CZY sample with a ratio of 0.5 P123:
10 CeO2: 9 ZrO2: 1 YO1.5
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Figure E.2. EDX mapping for a sol-gel synthesized CZY sample with a ratio of 3 P123:
10 CeO2: 9 ZrO2: 1 YO1.5
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Appendix F
EISA Process Images

Figure F.1. Humidity and Temperature Controlled Oven.
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Figure F.2. Settings used for CZY support synthesis.

Figure F.3. Sample by the end of the aging process. A gel is obtained.
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Figure F.4. Regular oven used for drying samples.

Figure F.5. Settings used during drying step.
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Figure F.6. Sample reaching the end of drying step.
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Figure F.7. Oven used during calcination of samples set to reach 400 °C.

Figure F.8. Box especially designed for EISA aging process (front view).
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Figure F.9. Box especially designed for EISA aging process (upper view).

Figure F.10. Box especially designed for EISA aging process (side view). All samples
were placed in the bottom part of the box and the hole in the left side of the box is a vent
that lets hydrochloric acid leave the oven without corroding it.
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Appendix G
Nomenclature for Chapter Five
CA = ρm,A = ρm xA = concentration or molar density of species A (moles of A/m3)
CT = ρm = total concentration or system molar density (mole/m3)
DAB = binary diffusion coefficient for system A-B (cm2/s)
o
D AB
= binary diffusion coefficient for an infinitely dilute system of A in solvent B (cm2/s)

G j = partial molal Gibb’s free energy (kg·m2/s2·mole of j)
JA = ordinary molar flux of A relative to the mass average velocity (mole/m2·s)

& A ,gen = rate of generation of mass of A via chemical reaction in a control volume (kg/s)
m

& = molar flow rate of species A (mole/s) – also M
&
&
M
A
A ,in and M A ,out
&
M
A ,gen = rate of generation of moles of A via chemical reaction in a control volume
(mole/s)
mA = mass of species A (kg)
MA = moles of species A (mole)
MA= MWA = molecular weight of species A (g/mole)
NA = ordinary molar flux of A relative to stationary coordinates (mole/m2·s)
NKn = Knudsen Number (dimensionless)
t = time (s)
P = pressure (atm)
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PA = partial pressure of species A (atm)
PC = critical pressure (atm)
r = radius (m)
T = temperature (K)
TC = critical temperature (K)
V = total vapor molar flow rate (mole/s) or system volume (m3)
x = Cartesian coordinates (m)
xA = mole fraction for component A, liquid phase (mole of A/moles total)

xi =

ρ
Ci
= m,i local mole fraction of species i (xi) is defined as
CTotal ρ m

y = Cartesian coordinate (m)
yA = mole fraction for component A, vapor phase (mole of A/moles total)
z = Cartesian coordinate or column height (m)

αT,A = thermal diffusion factor or thermal diffusivity (m2/s)
εA = Lennard-Jones force constant (kg ·m2 /s2)

ρ = system mass density (kg/m3)
ρm = CT = system molar density (mole/m3)
n

ρ m = C Total = ∑ C i total molar density or total molar concentration for the mixture at a
i =1

point
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ρA = mass density of species A (kg of A/m3)
σA = Lennard-Jones molecular diameter (Å)
ωA = mass or weight fraction for component A (kg of A/kg total)
φ = phi angle for spherical coordinates (degrees)

φ̂ = unit vector for spherical coordinates (dimensionless)

λA = mean free path of gas molecule A (m)
µi = chemical potential (∂G/∂ni)
ΩD,AB = diffusion collision integral (dimensionless)
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Appendix H
Equations for Unknown Parameters for Chapter Five
From the work of Homer et. al. 20091 that simulated an evaporating ethanol-water droplet
using the non-random two-liquid (NRTL) model, which is based on a local mole fraction
concept developed by Renon and Prausnitz. The activity coefficients are expressed as:
ln γ B = x A 2 [τ AB (

G AB
τ BAGBA
)2 +
]
xB + xAGAB
( x A + xB GBA )2

ln γ A = xB 2 [τ BA (

GBA
τ AB GAB
)2 +
]
x A + xB GBA
( xB + x AGAB ) 2

Where XA and XB are mole fractions of water and ethanol, respectively, and
g BA − g AA
RT
g − g BB
= AB
RT

τ BA =
τ AB

ln GAB = −α BAτ AB
ln GBA = −α BAτ BA
Thus, there are three temperature-dependent binary parameters (gBA –gAA, gAB –gBB and
αBA) which must be parameterized to fully define the activity coefficients. Homer et. al.1

used the following equations:

g BA − g AA
= −0.68681T + 261.77
R
g AB − g BB
= −8.0894 x10−5 T 4 + 0.10998T 3 − 56.011T 2 + 1.2667 x104 T − 1.0729 x106
R
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and α can be derived from the NRTL equation as

α = 1 − 2 xB x A [

τ ABGAB 2
( xB + x AGAB )3

+

τ BAGBA2
( x A + xB GBA )3

]

The density of the ethanol–water solution is calculated as a function of temperature and
ethanol weight fraction, w,

ρ = A0 (T − 273.15)2 + A1 (T − 273.15) + A2
Where,

A0 = −5.9820 x10−7 w2 + 8.8495x10−5 w − 3.7194 x10−3
A1 = 1.2845x10−4 w2 + 2.0625x10−2 w − 4.4985x10−2
A2 = −1.05171x10−2 w2 + 0.88651w − 999.748
The Vignes relation is used to determine the binary diffusion coefficients in the liquid

phase at finite concentrations,

(

o
D AB ,l = D AB

) (D )
xB

o
BA

xA

α

Where D0AB and D0BA are the infinite diffusion coefficients (m2 s-1) described by the
equations,

−2271.9
+ 7.7897)
T
−2261.5
= 1x10−9 exp(
+ 7.7695)
T

o
D AB
= 1x10−9 exp(
o
D BA
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Diffusion coefficients for gases
The correlation developed by Chapman and Enskog [Chapman and Cowling, 1970] is
routinely used to estimate diffusion coefficients for gas phase systems at moderate
temperatures and pressures. It is normally accurate to within ±8 %.

D AB ,v

1.8583 ⋅10−7 ⋅ T
=
2
Pσ AB
Ω D , AB

3

2

 1
1 
+


MA MB 

1

2

where DAB has units of cm2/s, T is in Kelvin and P in atm.
The collision diameter for the mixture (σAB) is calculated from pure component
molecular diameters using the equation:
σ AB = 0.5 ⋅ (σ A + σ B ) = Collision diameter (in Å)

Where:
Lennard-Jones parameters can be estimated using the correlations below:

T 
σ A = 2.44 ⋅  C,A 
 PC,A 

1

3

where Tc and Pc are the critical properties of the molecule in units of K and atm,
respectively.
The collision integral can be accurately calculated using the relation of Neufield, et al.
[1972]:

Ω D,AB =

A

(T )

∗ B

+

C
E
G
+
+
∗
∗
exp(D ⋅ T ) exp(F ⋅ T ) exp(H ⋅ T ∗ )
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T* = kBT/εAB

C = 0.19300

F = 1.52996

A = 1.06036

D = 0.47635

G = 1.76474

B = 0.15610

E = 1.03587

H= 3.89411

The term T* can be found using the equation below, which uses standard combination
rules for the required Lennard-Jones force constant parameters.

T∗ =

k BT
=
ε AB  ε
 A
 kB

T
ε 
⋅ B 
kB 

1/ 2

where kB is Boltzmann’s constant, T is the system temperature in degrees K, and
ε AB = (ε A ⋅ ε B )

1/ 2

.

εA
= 0.77 ⋅ TC,A
kB
εA
= 1.15 ⋅ TBoil ,A
kB

, where TBoil,A is the normal boiling temperature in K.

Using the Chapman-Enskog equation as a guide, one can easily calculate diffusivity
values at a different temperature or pressure if the quantity is known at one set of
conditions:

D AB,T 2 ,P 2

 P  T 
= D AB,T1,P1  1  2 
 P2  T1 

3

2

 Ω D ,AB ,T1 


Ω

D
,
AB
,
T
2



Where temperature is in degrees K and pressure is in any consistent set of units.
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Table H-1. Binary Diffusivities, Gases

System Components
A

B

air
air
air
air
air

ethanol
water
water
water
water

Temperature
T
(K)
273
289.1
298.2
312.6
333.2

Pressure
P
(atm)
1
1
1
1
1

Mole Fraction
xA
(unitless)
dilute
dilute
dilute
dilute
dilute

Diffusivity
Reference
DAB
2
(cm /s)
2
0.102
2
0.282
2
0.260
2
0.277
2
0.305

Table H-2. Binary Diffusivities, Liquids
System Components

Mole
Fraction
xA
(unitless)

Diffusivity
DAB
-5
(10 , cm2/s)

A

B

Temperature
T
(K)

air
ethanol
ethanol
ethanol
ethanol
ethanol
chlorine
hydrogen
chloride
water

water
water
water
water
water
water
water

298
298
298
298
298
298
298

dilute
0.05
0.275
0.50
0.70
0.95
dilute

2.00
1.13
0.41
0.90
1.40
2.20
1.25

3

water

298

dilute

3.10

2

ethanol

298

dilute

1.24

5
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Reference

4
4
4
4
4
3

References for Data in this Appendix:

(1) Homer, C. J.; Jiang, X.; Ward, T. L.; Brinker, C. J.; Reid, J. P. Phys. Chem. Chem.
Phys. 2009, 11.
(2) International Critical Tables; Vol. 5, pp 63.
(3) Cussler, E. L. In Diffusion, Mass Transfer in Fluid Systems; Diffusion, Mass Transfer
in Fluid Systems; Cambridge: 1976.
(4) Johnson, P. Chem. Rev. 1956, 56, 387.
(5) Reid, R.; Prausnitz, J.; Sherwood, T. In The properties of gases and liquids; 1977.
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Appendix I
Zirconia Synthesis Aging Process
The purpose of the experiment is to observe the effects of diffusion of water to the
system and rates of evaporation of ethanol from the system. Water reentering the samples
can have a great impact on how the materials self assemble. Also, diffusion of water in
tubes with lower levels is more difficult. Details for these are explained in Chapter 6.
This appendix features pictures of the experiments and details of the process.

50 ml evap. dishes. Diameter1=8cm
Diameter2=5.5cm Height= 2cm.
Starting points: 50 ml, 25 ml, 10 ml

Figure I-1. Evaporation of initial solution in ceramic dishes.
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a. 2h

b. 2h

a. 48h

b. 48h

Figure I-2. Evaporation Dishes (a) 10 ml (b) 50 ml starting level at different aging times.

50 ml crucibles. Diameter1=5cm Diameter2=2.5cm
Height= 4.5cm.
Starting points: 50 ml, 25 ml, 10 ml

Figure I-3. Evaporation of initial solution in crucibles.
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a. 2h

b. 2h

a. 48h

b. 48h

Figure I-4. Crucibles (a) 25 ml (b) 50 ml starting level.

15 ml graduated tubes. Diameter=1.5cm
Height= 11.8cm. Starting points: 15ml, 12 ml,
9 ml, 6 ml, 3 ml.

Figure I-5. Evaporation of initial solution in graduated tubes.

a. 2h

b. 48h

Figure I-6. Tubes at 15 ml, 12 ml, 9 ml, 6 ml, 3 ml starting level at (a) 2 and (b) 48 h
aging.
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Sample

Time
starts
*

gelling (h)

BET
S.A**
(m2/g)

TEM
AUG (2)
OCT

BJH pore Small XRD
size** (nm) peaks AUG

10 ml dish

1

71

5.4

0.4; 1

N.O

O.

25 ml dish

2

72

6.2

0.2; 0.4

N.O

O.

50 ml dish

2

59

6.0

0.5

N.O

N.O

10 m cru.

2

48

4.5

0.5, 0.7

N.O

O. / N.
O.

25 ml cru.

2.5

33

3.5

0.2, 0.3

N.O

N. O.

50 ml cru.

2.5

38

4.0

0.2,0.3

N.O

O. / N.
O.

3 ml tube

48-72

16

3.8, 40

0.2, 0.4

O

N. O.

6 ml tube

> 120

36

3.5, 17.5

0.2,0.4

N.O

N. O.

9 ml tube

> 120

41

3.7, 18.1

0.2,0.4

N.O

N. O.

12 ml tube

> 120

38

3.8, 18.5

0.4

N.O

N. O.

15 ml tube

> 120

25

3.6, 17.8

0.2, 0.4

N.O

N. O.

•
•
•
•
•

N.O: Not Ordered
O: Ordered
cru.: crucible
Diameter evap. dish = 8 cm. Diameter crucible= 5 cm Diameter tube=1.5 cm
Gelling under fixed RH at 50% and Temperature 40 C. Under a 48 hour observation period
All samples were dried after a 48 h waiting period
* The error margin for the surface area is ±5 m2/g and for the pore diameter, ±0.5 nm
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Figure I-8. Aging process during the synthesis of zirconia mesoporous oxides via EISA.
The solution to gel process is homogeneous. However the synthesis conditions are not
optimal yielding a disordered mesostructure.

Figure I-9. Precipitation process during mesoporous zirconia synthesis via EISA.
Although the process did not happen homogenously, the surface was not covered by an
oxide network allowing the evaporation of the sample. The resulting structure is very
ordered and has a small angle peak as well meaning the structure has a long-range
ordered mesostructure.
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Figure I-10. Improved aging process. Since the evaporation area is smaller, the
evaporation rate is more uniform and a uniform ordered mesoporous zirconia structure is
obtained.
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CZY SYNTHESIS- AGING PROCESS

24 h

48 h

Figure I-11. Aging in 25 ml vial (d=1.5 cm; h= 8cm). Starting points: h =1, 3, 5, 7 cm.
Condensation on the surface generates crust that slows evaporation.
3

Starting volume (cm )

22 (h=7cm)

Time gelling starts (h)

12 to 24

9.4 (h=3cm)

3.1 (h=1cm)

12 to 24

4 to 5

Small XRD peaks

0.18, 0.28

0.18, 0.28

0.18, 0.36

0.56,0.86

BET (m /g) surface area *

105

104

95

92

BJH (nm) pore size *

3.8

3.5

3.5

3.4

TEM AUGUST (2)

Ordered

Not ordered

Not ordered

Not ordered

TEM OCTOBER

Not ordered

Not ordered

Not ordered

Not ordered

2

a

15.7 (h=5 cm)
12 to 24

a

* The error margin for the surface area is ±5 m2/g and for the pore diameter, ±0.5 nm
a. Liquid bottom underneath hard film on surface. Surface area =3.14 cm2
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Figure I-12. Aging process during the synthesis of CZY mesoporous oxides via EISA.
The solution does not homogeneously become a gel. A crust of oxides appears in the
surface slowing the evaporation of solvent under the surface yielding a disordered
mesostructure.

248

Appendix J
MCM-41 Analysis

Validation & Blank Response Correction
For the MCM-41 analysis, the kinetic behavior was confirmed by a C/Co versus Ft
semi-logarithmic plot as shown in Figure J-1 below and indicated by the diverging curves
at the long-time range.

Figure J-1. ZLC response curves plotted in the form ln(C/C0) vs. Ft for MCM-41 showing
kinetic control at chosen flow rates at long times.
Since the blank used for the measurements is closer to the real curves than other
articles have reported I tried to do corrections of the measurements by subtracting the
blanks. The raw and the corrected desorption curves are shown in Figure J-2 and Figure
J-3.
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Figure J-2. Raw desorption curves for hexane in MCM-41 and a blank measurement.
Desorption curves were measured at 60°C. Each curve has approximately 2000 data
points.

Figure J-3. Corrected desorption curves of hexane in MCM-41 (raw values minus blank).
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However, upon normalizing the desorption curves, the trends are changed some as
shown in Figure J-4. The behavior might be due to the long-time (LT) region values
being so small that the corrections have a very high effect on them. As explained by
Hufton et al.1, it is very difficult to baseline the curves before further calculations are
made and that is the reason if the measurements in the LT region are done incorrectly, the
procedure can significantly alter the slope of the LT tail and therefore the apparent value
of the diffusion coefficients.

Figure J-4. Normalized desorption curves for hexane in MCM-41 corrected for blank
measurements.
Table J-1 shows the values obtained from the curves shown above. The trends are off,
as shown by the L value losing its proportionality with respect to the flow rate. However
the diffusivity values are very similar to the ones found for the non-corrected desorption
curves shown in Chapter 6. It only changes from 1.1T10

n

to 1.02T10

n

cm2/s. I believe

that since the values used in the chapter were normalized before doing the measurements,
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no extra corrections were needed. Also the experimental set-up is such that the blank is
designed not to have a big effect in the curves since the dead volume in the system is as
small as possible.
Table J-1. Variation of parameters with purge flow rate for n-hexane in MCM-41
materials. Desorption experiments were performed at 60ᵒ C
Flow rate (ml/min)

L

D/R2

Flow rate ratio L ratio D (cm2/s)

80

1545 2.85E-04

1

1

1.17E-09

120

2412 2.72E-04

1.5

1.56

1.12E-09

160

4850 1.86E-04

2

3.14

7.64E-10

Average

1.02E-09

The values for 80 and 120 do not change much from the corrected values and I can
learn that the closer the data set is to the blank, the more error shown in the diffusivity
values when corrections are done. Also the correction does not affect the D values in any
perceptive way but changes the L values making the technique applied invalid.
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Intermediate time analysis
The LT-method robustness and reliability has been confirmed in many previous
experimental studies.2-6 However, when the sorbate is both weekly adsorbed and fast
diffusing, it is not always possible to determine the long time asymptote with sufficient
accuracy. In that situation, an alternative approach based on the “intermediate time”
approximation of the ZLC response is useful.7 In the short-time region (after a time
directed by the blank response and before the long time asymptote is reached) for
sufficiently high values of L:
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In this regime a plot of (s< ) versus

of vE8sF 9 on the
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should yield a straight line with an intercept

axis allowing the direct determination of 8sF 9 ; and an intercept of


P  on the s< axis allowing the determination of L and the Henry constant. According

to Brandani et al.5 this solution is valid for the concentration range s< w 0.2 and L >20.

This approximation is usually used as a way to confirm solutions obtained by other
techniques and has previously been used in numerous articles5, 7-11
Figure J-5 shows representative experimental response curves plotted in this way. The
corresponding diffusivities are shown in Table J-2. The values found correspond to the
ones found with the long-time asymptotic method. These diffusivities are invariant with
purge flow rate and confirm the reliability of my results.
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Figure J-5. ZLC response curve for intermediate time analysis for MCM-41 at 60 °C.

Table J-2. Variation of parameters with purge flow rate for n-hexane in MCM-41
materials using the intermediate time analysis. Desorption experiments were performed
at 60 °C
Flow rate
(ml/min)
80
120
160

L

D/R2

Flow rate ratio

L ratio

D (cm2/s)

549
883
1531

2.74E-04
2.74E-04
2.70E-04

1
1.5
2

1
1.6095406
2.7901991

1.12E-09
1.12E-09
1.11E-09

Since these values are based on short-time data, some error is expected as a result of
dead volume effects due to the set-up of my system and the short time baseline. From
these observations I concluded that the long-time asymptote analysis is more reliable for
my system.

As the technique is valid when L>20 and s< w 0.2 in the short time region and

before the LT asymptote is reached, I found that different intermediate analysis
approximations in this region for hexane in MCM-41 yield D values between
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2.5T10

<

and 9.5T10

n

z9s ,which is within the range of diffusivity values found
W

for the long-time solution.
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From: Frauenrath Holger
Dear Alma,
sorry for the late reply. I can sure give you permission for publishing the figure as you
find it in my class material. Please, let me know in case you need the actual figure
(instead of the slide) in any particular graphics format.
Having said this, I just remade the figure myself "similar" to the actual graphics (of
extremely poor quality) found in the original research papers by Bates et al. (the
references I give on the slides). It is conceptually correct, but not in terms of the exact
shape of the curves etc.
Best regards
Holger
--------------------------------------------------------Prof. Holger Frauenrath
Ecole Polytechnique Federale de Lausanne (EPFL)
Institute of Materials (IMX)
Laboratory of Macromolecular and Organic Materials (LMOM)
Mail address:
EPFL- STI - IMX - LMOM
Building MXG 037
Station 12
1015 Lausanne
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Phone: (+41) 21 693 7399
Secr: (+41) 21 693 7395
Fax: (+41) 21 693 5270
Email: holger.frauenrath@epfl.ch
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Original e-mail:
June 21, 2013
Dear Dr. Frauenrath,
I am completing a doctoral dissertation at Clemson University entitled "Synthesis,
Characterization and Diffusion Studies of Ceria-Zirconia-Yttria Mesostructures" I would
like your permission to reprint in my dissertation a figure from the following:
From: http://lmom.epfl.ch/index.php?page=advancedpolymers
Teaching material from “Advanced Polymer Science”, section 2.4, third slide (page 156).
The figure is referenced from 3 papers but as I have checked them none has the figure
depicted but only information related to it. So I think is probably your own figure.
The figure to be reproduced is: Theoretical AB Diblock Copolymer Phase Diagram (2nd
Figure)
The requested permission extends to any future revisions and editions of my dissertation,
and to the prospective publication of my dissertation by Clemson University. These rights
will in no way restrict republication of the material in any other form by you or by others
authorized by you. Your signing of this letter will also confirm that you own the
copyright to the above-described material. Full credit to the original source will be given.
If you do not control the rights to this material, please supply the name and address of the
person to whom requests should be directed.
If these arrangements meet with your approval, please sign the attached letter where
indicated and return it to me via fax, e-mail or regular mail. Thank you very much.
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